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the laboratory.  With the incorporation of the suggested modifications, forward 
gain capability in excess of 102dB is anticipated. Further performance 
refinements may then be possible to push the forward gain capability to 120dB. 
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SUMMARY 

FS0602 Tu c OPü?  T/     !8    technlcal effort on Contract 
^30b02-7J-C-02^2.  It presents the results of an Investle-atIon 
o  real time  nonsampllng, Same-Frequency Repeater (SFR) coni- 
fer various types of analog and digital signals using coherent 
interference cancellation te.chnlques. coneren. 

.^The.report Presents an analytical Investigation of ^h- 
transmitter-to-receiver isolation achievable with a multichannel 
interference cancellation system (ICS) when the repeater is uS 
with a finite bandwidth antenna in an environment which influd« 
random ground clutter and specular reflectors.  Results of an 
investigation for obtaining high linearity in the Interference 
canceller for low intermodulation generation in the SPR are also 
summarized. 

A design for a Same-Frequency Repeater breadboard model 
is presented that incorporates the multichannel interference 
cancellation system.  The breadboard operates at 291 MHz with 
a bandwidth of 100 kHz and allows forward gain up to 120 IB to 
be tested.  The minimum input signal level is -90 dRm, with a 
dyrarnlc range of 60 dB, for which the repeater will generate a 
1 watt output using an AGC. 

Experimental results are presented which verify the 
design concepts on which the SFR breadboard is predicated  Thev 
also show areas where further work is needed to utilize the full 
forward gain potential of the breadboard.  These areas include 
elimination of stray coupling problems between the SFR trans- 
ml<   tr  f?? rfceiver. and modification to the multichannel ICS 
which will allow it to operate effectively with a 100 kHz wide 
signal.  In the present configuration, forward gains up to 67 dB 
have been measured in the laboratory.  With the incorporation of 
nrein^gSpS?  modifications, forward gain capability in excess 
of 102 dB is anticipated.  Further performance refinements may 
then be possible to push the forward gain capability to 120 dB 

» 



SECTION I 

INTRODUCTION 

This report documents the technical effort on Contract 
MUbU^-M-C-0242.  It presents the results of an investigation 
of real time, nonsampllng, Same-Frequency Repeater (SFR)"con- 
cepts for various types of analog and digital signals using 
coherent interference cancellation techniques. 

The ana 
concept of a pil 
ence cancellatio 
repeater transmi 
of the ICS will 
returns from the 
distributed grou 
tions of signal 
design parameter 

lytical 
ot-direc 
n system 
tter and 
be analy 
SFR ant 

nd clutt 
bandwidt 
s of the 

results prese 
ted multichan 
(ICS) to pro 
its receiver 

zed to determ 
enna, from sp 
er.  The resu 
h and carrier 
ICS. 

nted here will develop the 
nel notch filter interfer- 
vide isolation between the 

The isolation capability 
ine the effects of signal 
ecular reflectors, and from 
Its will be given as func- 
frequency as well as other 

Results of a hardware investigation of approaches for 
obtaining low signal distortion in the ICS complex weights will 
also be presented.  Inband distortion products generated in the 
weights cannot be cancelled, and thus form a lower limit on the 
achievable ICS cancellation residue. 

An SFR breadboard design will be presented which incor- 
porates a pilot-directed three-channel notch filter ICS to pro- 
vide the transmitter-to-receiver isolation.  The breadboard is 
designed to operate at 291 MHz with a 100 kHz bandwidth, providing 
a 1 watt output with the capability for testing forward gain UD 
to 120 dB. &    F 

Experimental results will be presented which verify the 
design concepts on whioh the SFR breadboard is predicated.  They 
also show areas where further work is needed to utilize the full 
forward gain potential of the breadboard.  The areas requiring 
further work will be discussed in some detail. 

.OU* .-■. ■;..'■.■,-."   ^.... . 



FKECEDING PAÖE F^LAWK-I^T FlLMiüD 

MULTICHANNEL NOTCH FILTER ICS 

1. MULTICHANNEL ICS ANALYSIS 

m.   rnln<thiS   sectlon the concept of a multlchar.nel notch- 
filter ICS is developed In subsection a.  In subsection b, a de- 
tailed analysis Is performed to determine the performance of a 
one-channel and a two-channel ICS under general transmltter-to- 
recelver coupling conditions.  These analytical results are ap- 
plied to the case of reflecting terrain in subsection c and to the 
care of antenna reflections in subsection d.  Subsection e pre- 
sents numerical examples using the analytical results.  Subsec- 
l T.l  P^36^3 * aiscuss of the results — their implications 
and their extensions. 

The purpose' of the ICS in the SFR design is to cancel 
signals at the receiver input  that emanate from the SFR trans- 
mitter.  The signals from the transmitter are coupled to the 
receiver through a number of different coupling paths, including 
leakage through the antenna coupler, reflection from the antenna 
and reflection rrom the surrounding terrain.   A single channel ' 
ICS, shown in F:.gure 1, uses a complex (amplitude and phase) 
weight to duplicate as well as possible the amplitude and phase 
of the composite coupling path. 

Because the coupling paths have frequency-dependent 
transfer functions (e.g., the antenna, reflected r-turns with 
delay due to propagation distance), the amplitude and phase set- 
ting is precise at only one frequency.  Thus, perfect cancella- 
tion is possible at only one frequency.  Broadband signals are 
cancelled well at band center, and progressively worse toward 
the band edges.  This effect places a bandwidth limitation on 
achievable cancellation which may be quite severe for a single- 
channel ICS.  As an illustration, Figure 2 shows the achievable 
cancellation ratio with a 8Ingle-channel ICS used in a two- 
element adaptive array [1], where the antenna spacing produces 

Abrams, B„o,, et al,   "Interference Cancellation," General 
Atronics Rpt 2324-2626-15, prepare! for Rome Air Development 
Center under Contract,F30602-72-C-0^9, August 1973y

elOPment 

[2] Rosenberg, J.R., E.J. Thomas, "Ferfomance of an AdanMv^ 

E^ro^nt'^r^1?8 ^ a N°1S^ Llnr^^^e^nva'r^^r bnvlronmen., BSTJ,   vol. 50,no. 3, Myrch 1971, pp. 785-3l^ 
[3] Sandhi, M.M  "An Adaptive Echo Canceller," BSTjllol    k 
no. 3, March 1967, pp. ^97-511. '       ' 

[^iB??^ersF\K-'^-R; Rudln' "APP^atlon of Automatic Transver- 
sal Filters to the Problem of Echo Suppression," BSTJ,   vol 45 
no. 12, December 1966, pp. 18^7-1850 ' 

^Lf'vol' ^M-' A-^ PrSt1' "A ^-Adaptive Echo Canceller," BSTJ,   vol. 45, no. 12, December 1966, pp. 1851-1854, 
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a delay (frequency-dependent phase shift) between the two ICS 
Inputs. 

Multichannel ICS configurations have been used to pro- 
vide good broadband 'cancellation performance.  The structure of 
the multichannel ICS used In the SFR is given in Figure 3. Each 
weight is preceded by a frequency shaping network, and generally 
each network is unique.  This general structure has been used 
for wireline echo cancellers C2,3»^»5] where the frequency 
shaping networks were ones whose Impulse responses are elements 
of an orthono.-mal set.  Specific implementations used delay lines 
and Laguerre networks.  D^lay line implementations have also been 
studied for both electronu.gnetic [6] and acoustic [7] adaptive 
arrays. 

For analysis purposes, the multichannel ICS in the SFR 
may be modelled In the following manner.  Let us define a frequen- 
cy-dependent transfer function Hc(u)) to represent the undeslred 
coupling from transmitter output to receiver input.  The N channels 
of the ICS provide a second transfer function between transmitter 
and receiver which, from Figure 3, may be written as 

K 
HN(üJ) - I     W N.U) (1) 

i«l 

The model is shown dlagrammatically in Figure U,     The transmitter 
waveform is assumed to have a Fourier transform represented by 
S-pU), and SRU) is used to represent the Fourier transform of 
the ICS output to the receiver. 

As shown in the figure, we define the N-Channel ICS 
transmitter-to-receiver jsolatlon ratio as the ratio of the energy 
going into ehe receiver to the energy coming from the transmitter'. 

y 
(R/T)N 

0 
bR (to) dui 

0 

2, 
dco 

1ÜJ / |ST(a)) |2|Hc(aj)+HN(aO |2du 

/ [SmCw) | 'da) 
0  i 

The best ICS performance is obtained when (R/T)N is minimized, 
which is accomplished by allowing the weights Wi to be adjusted 
so that Hl}(<i») matches -HC(OJ) as closely as possible. UQW  may be 
slowly varying with respect to the transmitted wavoform, but it 
[bj Widrow, B., et  at,   "Adaptive Antenna Systems," Proa   IEEE: 
vol. ni5, no. 12, December 1967, pp. 2143-2159. 

[7] Bryn, F., "Optimum Signal Processing of Three-Dimensional 
Arrays Operating on SauSSian Signals and Noise," J Aaous  Soa 
Am,  vol. 31*, March 1962, pp. 289-297. 
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will he presumed that HNIW) will have similar compensating varia- 
tions by adaptively controlled the weight values Wj. 

a. Choice of Frequency Shaping Networks 

In order to determine the set of network functions 
{Ni((jj)} to Pe used in the multichannel ICS, let us first consider 
a single-channel ICS in which 

N1(a)) = 1 (3) 

That is, the network N^Cw) is not frequency-dependent.  We will 
nov; examine the Isolation ratio (R/T)^ when SmCw) Is a flat band- 
limited spectrum- in an environment—whicJr-trrmsists rf a single 
reflector removed from the repeater by a delay T.  Thus, we let 

P   Pp. for \ui-h) 
|ST(u))|  = {0 elsewhere 

0 ^ TlB 
C4) 

where TQ  = CüO/27T IS the carrier frequency of the transmitted sig- 
nal and B is Its bandwidth.  The coupling function is 

HC(ü)) = aeJVJ(i,T 
(5) 

where a represents the gain of the coupling path, (f> its phase 
shift, and T its delay.  Using (1), (3), (4) and (5) in (2) gives 

(R/T) 1 2TTB 
/ 0   |aeJ())e-Jti,T+W- 
W^-TTB 

"do) (6) 

When TTBT is small, the ICS ideally will cause Wj to adapt 
to the solution 

W1 = -ae^^e 

which, when applied to (6) results in 

(7) 

CR/T),   ■ Ar j 
2     COQ+TTB -J(W-U)0)T 

27rB 
tü0-TrB 

U-e "dw (8) 

Integrating (8) gives 

(R/T). = 2ani sinirBi 
TTBT ] 

a2(7TBT)2/3 for |*BT| << 1 (9) 

It is clear from (9) that high isolation with a large 
requires that the product TTBT be small, so that WP will concen- 
trate our attention on that condition.  It is important to note 
that the approximate result given in (9) for small Bx would 
have been achieved if the Integrand in (8) had been approximated 
by the first term of its Taylor series expansion, i.e., approxi- 
mating 

1-e 
(U)-(O0)T 

- J(u)-a)0)T 

11 

(10) 



Thus, the voltage spectrum of the single-channel ICS residue Is 
dominated by a term linear in frequency, passing through zero at 

We now consider the addition of a second channel to 
the ICS.  If the first channel leaves a residue whose dominant 
spectral term is proportional to (oi-üjo), it is intuitively felt 
that makln/; the frequency shaping network N2(u) for the second 
channel have the same characteristic will allow it to be most 
effective in improving the isolation. 

N2(u)) = j- 

Thu: we make 

(W-WQ) 

fad 
(11) 

B 

whicn may be approximated by a single resonant stage notch fil- 
ter centered at fg = UQ/2T\  with 3 dB bandwidth B^ = UOB/TT, for 
B<<BlyJ. 

Using   (1),   (3),   m,   (5)   and   (11)   in   (2)   gives 

a)n+TTB 

UQ-TTB B 

,        CüQ+TTB        J((t)-w0T)   -J(üJ-OJ0)T 

I I ae e 
2TTB 

a)n-TrB 

(ü)-Cün)     p 
+w1+jw2—     '   id« 

B (12) 

For ^BTJ«1,  we  can expand 
-J(ü)-Wn)T 2_2 

«   1-J (oj-a)n)T-(u)-a)n)   T  /2 '0 0 (13) 

Then,   if    the  ICS  adapts   its  weights  to 

W-,   =  -ae 

Wp  =■  aa)BTe 

J(4)-U0T) 

J(<1)-W0T) 
(14) 

we have a residue whose voltage spectrum is parabolic about üJQ 

The isolation is given by 

(R/T), 
2TTB 

2       U)„+7TB    (cü-tO2!2    3 
[ § ]2du 

j^O" 

UQ-TTB 

a2(7rBT)l4/20 for JTTBT^I (15) 

By comparing (9) with (15) we see that the Isolation afforded by 
the two-channel ICS improves that available from the single- 
channel ICS by a factor of 3(TTBT)V20. 

12 



By extrapolating the above arguments for additional 
channels, it becomes evident that the 1-th channel should have 
a frequency shaping network of the form 

(U)-U ) 

N^u)) - [j-—— -]1 
Ü) B 

(16) 

which may be approximated by a cascade of i-1 identical notch 
filters with isolation between them.  For TTBT<<1, an N-channel 
notch-filter ICS will have an isolation ratio (R/T)N of the order 
of ( B )2N.  A block diagram of an N-channel notch filter ICS is 
given in Figure 5• 

b. Detailed Analysis of Two-Channel Notch Filter ICS 

(1) Problem Formulation 

The objective of this analysis is to determine the 
mitter-to-recelver isolation that can be provided by a two- 
el ICS using the notch filter technique heuristically 
ibed in Section II.1.a.  The analytical model adopted for 
performance evaluation is shown in Figure 6.  All signals 
are complex envelope representations with respect to a 

ted center frequency fo of corresponding bandpass signals. 
x(t) is the input from the transmitter, xi(t) and x2(t) 

he ICS reference channel inputs, and r(t) is the ICS output 
e receiver.  For this analysis the transmitter-to-receiver 
ing channel is considered to be a linear time-invariant 
m with a lowpass equivalent transfer function Hc(f). 
ly, N(f) and HLCO are the lowpass equivalent transfer 
ions of the notch filter and the integrating filters 
zed in the weight control units. 

trans 
chann 
descr 
this 
shown 
selec 
Thus, 
are t 
to th 
coupl 
syste 
Final 
funct 
utlli 

The initial step in the system analysis is to obtain 
the differential equations describing the operation of the con- 
trol loops.  From Figure 6, the time-varying complex weights 
Wi(t) and W2(t) must satisfy the set of simultaneous differential 
equations 

dW1 
r— dt 

dW, 
[•_-£ 
'dt 

+ w. - -G1x*(t)r(t) 

(17) 
+ W2 = -G2x*(t)r(t 

where the receiver output is 

r(t) = y(t)+W1(t)x1(t) + W2(t)x2(t) (18) 

«1 and Gp are the voltage gains of the control loop amplifiers, 
and T is the time constant of the loop filters, and xi(t) and 
X2(t) are linearly related to x(t) as shown in Figure 6.  After 
suhstitutinp; (18) into (17), the system differential equations 
are found to be 
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COUPLING CHANNEL 

xCt) o  
INPUT 
FROM 
TRANSMITTER 

HcCf) 

xlCt:) /C^K   
wiCt)x1(t) 

t > 

wl(t) 

HLCf) 
LOOP 
FILTER 

-G1x»(t)r(t) 

x^t) 

^ 

r(t) 

NOTCH 
FILTER 

w2(t)x2Ct) 

LOOP 
FILTER 

G2x«Ct)rCt) 

rCt) 

HL(f) x  (i+jLrr) 

r(t) ■ y(t)+W1(t)x1(t)+W2(t)x2(t) 

y(t) 

K! 
J\ 

\/ 

-o r(t) 
OUTPUT 
TO 

RECEIVER 

FIGURE 6 

MODEL FOR THE ANALYSIS OF THE TWO-CHANNEL NOTCH FILTER ICS 
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dWl 2 Tdt- + U+Gjx^t)! JW-L + G1xJ(t)x2(t)W2 = -G1xf(t)y(t)  (19a) 

dW9 
Tdr- + G2x2(t)xl(t)Wl + [:i+G2|x2(t)|

2jW2 = -G2x*(t)y(t)  (19b 

In the analysis to be performed, x(t) is assu-ned to b° 
a  zero-mean complex Gaussian stationary random process with 
power spectrum Sx(f).  It then follows that x1(t), X2(t) and 
y(t) are zero-mean complex Gaussian Jointly stationary processes 
The system is described by a set of stochastic differential 
equations with solutions that are random processes and  conse- 
quently, require a statistical description. 

To begin this characterization, it is desired to evalu- 
ate the expected values of the weights;  these shall be denoted 
as 

W^t) = E{W1(t)}     1 = 1,2 (20) 

Since Wijt) and W2(t) satisfy (in the mean-square sense) the set 
(19a) and (19b), it must follow that 

dWl E^Tdt- + tl+Ü1|x1(t)|
2]W1 + G1x»(t)x2(t)W2} = -G1E{xJ(t)y(t)} 

(21a) 
dW2 

^Tdt- + G2x2(t)xl^)Wl + Cl+G2|x2(t)|
2]W2} ■ -G2E|x*(t)y(t)} 

(21b) 
and consequently, 

TW1(t)+E{[l+G1|x1(t)|
2]W1(t)} + G1E{x*(t)x2(t)W2(t)} = 

= -G1E{xJ(t)y(t)} (^2a) 

TW2(t)+G2E{x»(t)x1(t)W1(t)} + E{[l+G2|x2(t)|
2]W2(t)} = 

= -G2E{x*(t)y(t)} (22b) 

To proceed further, first observe that 

E{[l+G1|x1(t)|
2]W1(t)} = W^t) + G1E{|x1(t)|

2W1(t)}    (23) 

Next, invoke the assumption that, for any value of t, lxi(t)|2 

and W1(t) are uncorrelated random variables;  that is, 

E{|x1(t)|
2W1(t)} - E{|x1(t)|

2}E{W1(t)} 

By this assumption, (23) becomes 

16 
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E{[l+G1|x1(t)|
2]W1(t)} = [l+G1E{|x1(t)|

2}]W1(t) (24) 

If a similar procedure is carried_out for the remaining terms in 
(22a) and (22b) it is found that Wi(t) and IfeCt) must satisfy the 
differential equations 

TW1(t)+[i+n1E{|x1(t)|"}]wI(t) + niF{x»(t)x?(t)}W?(t) = 

■ -Q1E{xJ(t)y(t)} (25a) 

TW2(t)+G2E{x|(t)x1(t;}W1(t) + [l+G2E{|x2(t)|
2}]W2(t) = 

= -G2E{x*(t)y(t)} (25b) 

Equations (25a) and (25b) can also be written in matrix 
form as 

W(t) = AW(t) + BV 

where W(t) is the column vector. 

Vt)' 
W(t) = 

A and B are the matrices 

w2(t) 

(26) 

(27a) 

A = _£ A    T 

(l+G1E{|x1(t)|
2}) 

G2E{x*(t)x1(t)} 

G1E{x*(t)x2(t)} 

(l+G2E
/|x2(t)|

2}) 

B = Fp 
-G. 0 

X 0  -G, 

and V is the column vector 

V = 
E{x»(t)y(t)} 

E{x*(t)y(t)} 

(27b) 

(27c) 

(27d) 

Notice that A and V do not vary with time since x1(t)J x>(t) 
and y(t) are Jointly stationary processes. 

The solution to (27) is given by [8] 

W(t) = eAtW(0) + /  eA(t-T)BVdT  O^to 
0 

(28) 

where W(0) Is the mean value of the weight vector at t=0.  In 
addition, if all eigenvalues of A have negative real parts, the 

[8] DeHusso, P.M., R.J. Roy, C.M. Close, State   Variables  for 
Engtneere,   John Wiley and Sons, 1967, pp. 358-360. 
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expected value of the weight vector approaches a finite limit 

(29/ W = llm W(t) = -A^BV 
t->-oo 

Using (27) and (29) it is found that the steady state value of 
the mean weight vector is 

W 
_ ^2K21   (1+G2K?2) 

-1 -G1L1 

—GpLp 

where 

and 

U+UlKllHi+G2K22^GlG2'KT?^ 

KU ■ Efix^t)!2} 
K12 = E{xi(t)x2(t)} 

K21 = E{x*(t)x1(t)} 

K22 = E{|x2(t)|
2} 

L1 = E{xJ(t)y(t)} 

L2 = E|x*(t)y(t)} 

l+G0Kn n d   cd 

L"G2K21 

-G1K12 

1+G1K11 

Q1L1 

-J2L2 
Go) 

(31) 

(32) 

Notice that Kmn is the covariance of xrn(t) and xn(t), the m-th 
and n-th reference inputs, while Li is the covariance of the 
1-th reference x1(t) and the interference y(t) present at the 
ICS input from the antenna.  In addition, Kmn is the (m,n)-tr. 
element of the covariance matrix 

K = E{X*XT} (33) 

where X is the column vector of reference Inputs xT = [xx(t)x2(t) ]. 

The covariances required to evaluate (30) can be found 
by first observing that xi(t), X2(t) and y(t) are the cutouts of 
the system shown in Figure 7.  Application of the results' developed 
in .9] for the system shown in Figure 8 then yields 

K 11 ■ E{(x,(t)p} = / s (f) df 
__ x 

K12 = E{x2(t)x*(t)} = / N(f)S (f) df 

(3*a) 

(3^) 

[9] Fapoulls, A., Probability,   Random   Variables,   and  Stoahastia 
tvocesses,   McGraw-Hill Book Co., 1965, pp. 352-353. 
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Hc(f) 

X ( t )        O 4 Hit) 
TRANSMIT 
SIGNAL 

 O 

1 ——c 

y(t)    COUPLED INTERFERENCE 

OX2(t)   REFERENCE CHANNEL «2 

-Cx1(t)  REFERENCE CHANNEL #1 

FIGURE 7 

SYSTEM REPRESENTATION FOR THE COUPLED INTERFERENCE 
AND REFERENCE CHANNEL INPUTS 

HM^) oy^it) 

x(t)o- Hk(f) -oyk(t) 

Hi(f) oy^t) 

FIGURE 8 

A GENERAL SINGLE INPUT M-OUTPUT LINEAR SYSTEM 
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and 

K21   =  Etx^tjx^Ct)}   =   K*2 

K22  ■ B{jx2(t)j
2|  = /   |N(f)|2S  (f) df 

— 00 * 

00 

L1   =  Eiy(t)x}(t)}   =   /   H   (f)Sx(f)   df 
— 00 

(34o) 

(3^d) 

(3! I d j 

oo 

L2 = E<y€fc)xJ(t)) = / Hc(f)N*(f)Sv(f) df (35b) 
— 00 * 

The combination of (3^), (35) and (30) then yields the soluti- 

weight! ^^^ State llrnlt 0f the exPected ^ of each complex 

Figure 6 WthP L^h?  f?te8ration tlme 1« the loop filters of 
valur^ rfnl  "eight values are well approximated by their mean 

H2(f) = W1 + W2N(f) (36) 

Hn2(?r£0Si(?)^?ft!?f:t?"M;!iVftr transfer functJ^ ^ then 
St'ion to gi'wSten'as1 Wlng '^ ^^"ter-to-recelver iso- 

00 

R/l f*.u2t   -f Sx(
f)|Hc(f)+H (f)|2 df 

(R/T)  = Mi£ÜU I = "°0 
E{ix(t)|2} 00 

/ S (f) df 
-00 A 

/ Sx(f)|H02(f)|
2df 

/ S (f)df 
—00 

(37) 

w^ ^,1 ^  evaluation of (37) will be carried out based uoon 
the following three assumptions.  First, the equivalent JoSaSs 
transfer function of the notch filter is of the form   3-OWP*8S 

N(f) = 1 - , d-q) 

fc ■ V2 

0«a*l (38) 

[10] Brennan, L.E., *« ßj, "Control-Loop Noise in Adaptive 

mi! ppn!e^!262'
EEE ^^ ^ V01- AES-7' - ""arch 
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Tn (38), the parameter a = N(0) is a measure of the center fre- 
quency transmission Of the notch filter (-20 logo. Is the "notch 
depth" In dB), and l\. ■ Bfj/2, where BN Is the 3 dB width of the 
notch filter stopband with a=0. The second assumption made Is 
that the channel transfer function Hc(f) can be represented as 
an M-th degree polvnomlal in f over a specified Interval (-B/2, 
B/2). 

M 
M Hc(f) = I  Cmf

m = C0+C]f+...+C f"  |f|^B/2 
m=0 

(39) 

The final assumption invoked is tha" the power spectrum of x(t) 
is bandllmited, with bandwidth B, and constant over the interal 
|f| ^ B/2 defined in (39);  consequently, Sx(f) can be written as 

sx(f) = 
f| ^ B/2 

elsewhere 
(^0) 

From (37) and (40), 

i ,B/2      5 
(R/T)- ■ I /   |Hno(f)rdf B -B/2 02 iW 

To complete the evaluation of (R/T).) it is necessary to evaluate 
Wl and W2 using (30), (34), (35) and the notch filter and channel 
transfer .'unctions (3fi) and (39).  The composite transfer function 
Hc(f ' ^'.f) is then found and substituted into (4l). 

(2) Evaluation of the Steady State Weights 

follows, 
The covariance matrix entries of (34) are found as 
First observe that 

N(f) = 1 - 

= 1 - 

(1-a) 
[l+j(f/fc)l 

(1-a) 

= 1 - 
(l-CV.)(l-J^fc) 

l+(f/fc)
! 

+ J(l-a) 

and 

»(f) 
Ul+Jf/fc)-(l-a)| 

\i+ir/rc\
2 

(1-a2) 

l+(f/fc)' 

f/f 

l+(f/fö)* 

a2+(f/fc)
2 

l+(f/fc)
2 

=  1  - 
[l+(f/fc)^] 

(42) 

(43) 
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Using (3*0, (40), (42) and (43), the Kmn are found to be 

B/2 Pn 
K 11 -B/2 B 

P0  B/2 

i^   B  -B/2     l+(f/f )^ 

0 

(1-a) } df 

2P 
0[|   (l-a)fctan-

1(|r-)] B  2 

n 

= P0[l-(l-a) g^ tan
-^^-)] 

g 
K21 = Kl2 = Po^1^1-^ B^^""1^^ N 

K 22   B 

Pn  B/2 
/   {1 
-B/2 

(1-a2) 

l+(f/fc)
; 

:} df 

r ,: L_(i_a
2) N tan-l(B ^ 

B        BN 0' 

Define the variables 

Y - B/BN 

A . tan"
1(Y) 

v 

so that the Kmn can he  written as 

Kll - P0 

K12 = Po[1'a-a)A] 

K21 = Pot1-^1-01)^^^ 

K, = Pn[l-(l-a^)A] v22  '0 

Using (49) In (30) gives 

W 

LW2 (l+G1K11)(l+G2K22)^aiG2K12K2] 

'l+G2P0[l-tl-a2)A]      -ü]P0[l-(].-a)A]' 

-G2P0[l-(l-a)A] 1+GiPo _G2L2j 

(44) 

(45) 

(46) 

(47) 

(48) 

(49a) 

(49b) 

(49c) 

(49d) 

(50) 
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MMMMMWm 

or 

^   .   '^^fpOMl^äl)   *  01G2P0L2[l-(l-a)A] 

ua1P0+a2P0ci.{i-a2)A] + G1G2p2(i_a)2A(1.A~ 

w2 - 
GlG2P0Ll[l-(1-a)^ - G2L2(1-hG1Pn) 

1+GlP0+G2P0Cl-(1-a2^ + G1G2P^(l-a)
2A(l-A) 

From (35), (39), (40) and (^2), we obtain 
Pn  B/2  M 
~! I     Cf^df 

-B/2 ro«0 rn B 

Pn  «      B/2 
• B2 I. Cn /   fmdf 

m=0 -B/2 
and 

M Pn  B/2 
LM = ^ / B -B/2 

N*(f) i    C rdf 
m=0 m 

P0 M 

B m=0 

B/2 

B/2 

jn 
ruN*(f)df 

(51a) 

(51b) 

(52a) 

(52b) 

Since two-channel ICS Is expected to cancel first and second 
order terms (m=0 and m-1), the principal remaining term Is m=2. 
Thus, the summation will be taken up to M=2. 

Ll = C0P0 f C2P0(B
2/12) 

L2 ■ C0P0[l-(l-a)A] - jC1P0(l-a)(l-A)BN/2 

+   C2P0[1   -   iOzalll^   B2/12 

Y 
Inserting   (53)   Into   (51)   then results  In 

(53a) 

(53b) 

wl        Oo 
G1G2Po(l-a)2A(l-A)+G1P0 

D 

-JO^ 
BN   GlG2P0(1-a)(1-A^1-(1-a)A] 

U2   12 

G1G2p2{[i-(]      )A][l..3(l-a)(l-A)]_[1_(1_a2)A]} 

Yc J 1    U 

D 
(5^a) 
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_ G2P0[1-(1^)A] , _  BN (l^1Po)G2P0(l-a)(l-A) 
W2   "U0       D        + J Cl 2 D  

I 2 G1G2Pg[l-(l-a)A]-G2P0(l+G1P0)[l-^
1-aH1-A^i 

+c2 IJ g 1 rcL* 
where 

D Ä l+G1P0+G2P0[l-(l-a
2)A]+G1G2p2(l-a)

2A(l-A) (5^c) 
■ 

(3) Evaluation of the Composite Transfer Function 

Now that the values for the weights have been deter- 
mined using the notch filter transfer function N(f) of (38), 
the composite transfer function will be determined.  This deter- 
mination will be made using the power series expansion of Hc(f) 
In (39), along with the weight values In (5*0 and a similar power 
series expansion of N(f).  We can expand (38) as 

N(f) = i _ Alräl 
l+J(f/fc) 

= a+J(1-a)(f/f )+(1-a)(f/f )2-j(i-a)(f/f^)3+. 

for |f/fcI<l (55) 

Since we confine our attention to the frequency range |f|^B/2, 
the convergence condition In (55) Is satisfied when 

V ■ B/BN<1 (56) 

where B^ = 2f  Is the two-sided 3 dB bandwidth of the notch 
filter. 

The composite transfer function Is then determined from 
(36), (39) and (55) to be 

H02(f) = Hc(f)+H2(f) = Hc(f)+W1+W2N(f) 

* h02+h12(f/fc)+h22(f/fc)2 (57) 

where the coefficients h^are given by 

h02 = C0 * ^1 + a^2 
h12 = (ClBN)/2 + J(l-a)W2 
h22 = (C2BN)/^ f (1-a^2 (58) 

Because it is the design  objective of the two-channel ICS to 
cancel the zero-th order and first-order terms (i.e., hn2 »hi p-*-0), 

2,-{ 



^iHKll  aPProx:^ated  by  the  power  series  expansion truncated 
alter tne   square  term. 

tion of   frj?   fiPS«f SUitS  for
4
h02.hi2,h22  are   found  by  substlt tion ol   (54)   In   (58)   and  are  given  below: 

D   =   G1G2p2(i_a)2A(1_A)   +  G1P0+G2P0[l-(i.a2)A]   +   1 (59) 

GpP   (l-a)(l-A)+l 
n02    ^O D  

C-lbi (1-a)(1-A)G2Po^ipn(1-ani-A)-a3 

u- 

-J ^-^ 
D 

^1G2p2(i-a)2(1_A)2+            3Ii_a1a^Al] 

J2   12 -  [p i   (60) 

^0= -JC 
(l-a)G2P0[l-(l-a)A] 

12" -J-0  If 

_c  ^N Q1«2Po(l-«)
2(l-A)2-(l+G1P0)-haG?Pn[a(l-2A)-2(l-A)] 

1 2 ~        D     '  

^4/,  N.  B"  x ^ u        '  ^ u 1-0'--    o 
2 G1G2pg[l-(l-a)A]-G2P(l+GP)[l-3(l-«)(1-^)3 

+J(l-a)C2 ^  _ LI 12 

h^= -C. (1"a)G2P0[l-(1-0t)^ + fr  ^N (l-)
2(l^1Pc)G2P0(l-i) 
2/ (61) 

-+jc12^ 5. 

+c  
BN G1G2P

2(l-a)^(l-A2)+l+G1P0+G2PQ[2(l-A)+a(2A-a)] 

- \  -(l-a)G2P [l + (i-a)G1P A] 
 ' D 1^— (62) 

(4) Simplified Results for the Dual Channel ICS 

The purpose of this section Is to Introduce design 
requirements that allow the two-channei ICS to approach optimum 
performance.  It has been shown [11] that the optimum weight 
vector that minimizes the mean-square ICS output Is glven'by 

[11] Wldrow, B., et al,   "Adaptive Antenna Systems," Proj  IEEE 
vol. 55, no. 12, December 1967, pp. 21^3-2159. 
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w0 . 
'11 v12 

-1- •-L- 

(63) 
'21   K22j 

which may be obtained frcm (30) by letting G  and Gg approach 

The coefficients of the optimum composite transfer 
function given In (60), (6l) and (62) then become 

2 
0 m VN(1ZA) _ C2B ,3   wl-A. 

n02   3     2      [   L   )   -     12   {~2n~r> 

C1BN/1-A hl2-   -  -f"^4?) + JC2 12 
- ^(l-A)-A 

A(l-A) 

C,B 
hi 

C^B: = i   Lgäflzä)   +     2 N [1-A^-AYV31 
'22  "'  2  v A 

If we require that 

1-A<<1 

ÄTT^Äy 

then 

and 

Y 
3 

1-A 

0 \    m 

(6ii) 

(65) 

(66) 

h^2= -(C2+J2C1/BN)B^/12 

•hj2- j(C2+j2C1/BN)B
2/12 (67) 

h22~-   (C2+J2C1/BN)B2/4 

It Is desirable to determine how large Si and Gp must 
te for the approximations In (6?) to be valid. It may be seen 
that If, in addition to (65), the following requirements ar« ir- 
posed 0<a<<l 

(1-A)G2P0>>1 

G1P0(l-A)>>a 

G2P0(l-A)
2>>a2 

we then obtain from (60), (6l) and (62) 

(68) 
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n0?- G1P0 
+ h02 

hi2a -J erf-+ o 
12 (69) 

h. 0  . ^0 
G1P0    22 

If we assume that the gain In channel #1.0,. Is large en ough 

'0 
G1P0 

2C. 
<< lO^J r^l h B N 12 (70) 

then 
h02=: -(C2+J2C1/BN)B

2/12 

^12"  J(C2+J2C1/BN)B
2/12 

^2= (C2+J2Cl/BN)BN/i4 

(71) 

The Isolation obtainable by a two-channel irq «- <.y,0„ 
determined from (Hi)   and (57) to be       cnannei 1CS is then 

B/2 
(R/T)2 " B L/2 'VM^c^M^V2!2 df  (72) 

Using   (71)   In   (72)   results   in 

(R/T)     -   |c  +J   -^Ij2  BVI80 
(73) 

where the coefficients (^ were introduced In the power series ex 
pansion of the channel transfer function Hc(f) gl^en In Sq! üIK 

(5) Single-Channel ICS Results - A Special Case of the 
Two-Channel ICS Results 

^n wh^v. ^0rre!Pun^?S results f^ the single-channel canceller, 
in which the notch filter channel is omitted, are obtained by 
?«! Jü! 32=? ^ the formulas (54), (60), (61) and (62) derived for the dual-channel canceller. 

•J   i  fur the transrnit Power spectrum and channel model con- 
sidered, these weight values are 
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wl= 

w2 = 0 

n p       2 

1+(;]P0
VW0 "2 12 (7^) 

The coefficients of the power series expansion of the composite 
transfer function become 

hn  = '0 C^B"  GLP 10 
01  1+G1P0 

BN h11- C1 2 

12  l+GnP0 

(7'5) 

BN 
h21= C2 F" 

The coefficients h01) h11, h21 used here for the single-charnel 
Inc  cnZes^nd  t0 h02' h12. h2p used previously for the two-channel ICS.      ihe composite transfer function is 

H0l(f) ' ^IT^ - C2 H  1%] + Clf + C2f2  lf I - I ^6) 

where Hoi(f) is used for the single-channel ICS inpla^ of Hi\9(f) 
used for the two-channel ICS. 

and 

we have 

If we require that 

,2 

G1P0 ^ 1 

'0 
1+G1P0 

<< 
C2B' 

"12" 

C2B ? 
H01(f) ^ " "12- + Clf + C2f     lfl 

B 

(77) 

(78) 

The isolation achievable from the single-channel ICS is then 
determined by inserting (78) into 

B/2 

to  obtain 

(R/T)1  = |/B/2   |H01<f)|2*f 

(H/T),   -    ICJ2^.   I^l2^ 

(79) 

(80) 
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c Multichannel ICS Performance In Reflecting Terrain 

Wo now consider the case nf  the QUO 
environment with multiple refl««?™. the/hR  operating in an 
achievable transit-Jo-recelve isolation  TH 

Wil1 ??te^lne ^he function is given by  eceive lsolatlon.  The coupling transfer 

H   (f)   -   I  a    e^1  e'^^i c       i  i       e (81) 

Hc(f)   m  I  ai[l-J2iTT.r-27r2T   f2
+..   i 

j -1- 1 J 

consequently, j^ 
Cl   =  -^'"la^^     i 

(82) 

1 

3<t> (83) 

(8^) 

r     _   o   2r        2   J<J)i C2  ..21T   la^Je 

Using (83) in (80) gives, for the single-channel ICS, 

for  TTBT       <<1 
2 ? i* max 

m   !L_BllV             J*i|2 
3 16ÄiTie ,     for  TTBT       <<l J       1 max 

Using   (83)   in   (73)   gives,   for  the   two-channel  ICS 

(R/T)2   ~-  Trf-^Vl^i  " th^3   11
2
I       for  TTBT       «i       (85) 

i 0
N max v   -;; 

ICS is date™i„lf^Jr^fandlsi)  t^Je ^ PI"eSent "lth0Ut the 

appreciable  co^rela^Sn  o?" he^eSen^e^Uh'tHe^.e1?  n°  lo^- Hence, .    , ^ «     x^xerence  with  the  delayed  return. 
(R/T)2   -   (R/T)1   =   CR/T) for  ^ 

when  TTBT^I   for all  values  of  1. 
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(1) Single Dominant Specular Reflector 

When the terrain Is dominated by a single specular 
reflector, we have from (8^), (85), (86) and (8?) 

(R/T)„ = a2 '0 

(R/T). 

(R/T) 

f ? ? ? p 
TT^B TV3,  for TrBT<<l 

l- for TrBT>l 

A
2
BV(T - 

TTB )2/45,  for TrBT<<l 
N 

(88) 

(09) 

(90) 
for TrBT>l 

The attenuation suffered by the signal returned from the specular 
reflector Is determined from the radar equation [12] 

a
2 = X2G2a 

(^TOV (91) 

where X Is the carrier wavelength In meters 
G Is the numerical value of the SFR antenna gain toward 

the reflector 
a Is the radar cross-section of the reflector In meters2 

r Is the one-way range to the reflector In meters 
We can relate the range r In meters directly to the delay t In 
seconds by 

r = CT/2 (92) 

where c = SxlO^ meters/second. 

Applying (91) and (92) to (88), (89), and (90) gives 

(93) (R/T)o = ujjltj MTT-'c    fpT 

(R/T; 
'  jj  2(B/f0)2,     for  TTBT<<1 

12TTC   T (9M 
(R/T)n,     for TTBT>1 

(R/T) 180c2 r0 7TBNT 

(R/T)n,     for TTBT>1 

) ",  for TTBT<<1 

(95) 

[12] Skolnlk, M.I., Introduction   to  Radar Systems,   McGraw-Hill 
Book Co., New York, 1962, Eq. 1.10b. 
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An asymptotic sketch of these three equations as functions of T 
is shown in Figure 9, comparing the Isolation Slth no ICS  a one- 
ITelll   ^n.pf ? tWO-^annel ICS-  tmln is used to represen? a delay (range) closer than which no specular reflectors are 
present. These curves show the relative performance of a zero 
one, and two-channel ICS for a specular reflector of fixed size 
a as a function of its range (or delay). 

nÄ4r, ,H^The *solati™ achleved by a single-channel ICS in ter- 
rain with a single dominant specular reflector is plotted as a 
function of (B/fo) with G2(a/r2) as a parameter In figure 10 
for TTBT«!.  For T<2/(7rBN), a two-channel ICS Improves on the 
single-channel ICS by the ratio 

(R/T)2   V,2 
(P/T)1 '■ 15(B~j (96) 

l^FlillTlV.1^3'   the two-channel ICS Performance is plotted 

(2) Continuous Clutter 

For the continuous clu 
channel ICS, we return to Equati 
Is assumed to be operating over 
terers, each of whose contrlbutl 
with uniformly distributed phase 
In (8^1) then is a random varlabl 
approaching an exponential and a 
squared magnitudes of each contr 
mean value, we have  ? 

(R/T), = IL_äl [a 

tter environment with a single- 
on (8^4), for which the summation 
an extremely large nu-nber of scat- 
ons are statistically Independent 
.  The squared magnitude of the sum 
e with a probability distribution 
mean value equal to the sum of the 
ibutor. Approximating the sum by Its 

Similarly 
(R/T) 

TT B' 

3 

1 i 

2 2 
iV for TTBT   <<1 

max 

when 7TBT1>1 for all 1 

Applying (91) and (92) to (97) and (98) gives 

(R/T) B2G2 

1 I 
127rc2f2 0 

p—,  for TTBT   <<1 ^ max 

and 
(R/T) C 

^rr 3-2^2 f0 1 T1 
for all 1, where 

TTBT1>1 

(97) 

(98) 

(99) 

'100) 

These results assume an azlmuthally omnidirectional an- 
tenna for which the antenna gain Is thJ same for each scatterer. 
The scatterer cross-section Oi  is now modelled as a constant area 
reflectivity a0 (dimensionless) times the differential area ÄA« 
SO  ufla-L' X' 
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■+ (LOG SCALE) 

FIGURE 9 

TRANSMIT-TO-RECEIVE ISOLATION WITH A SINGLE DOMINANT 
SPECULAR REFLECTOR VS ROUND-TRIP PROPAGATION DELAY 
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a A   =   o^AA 1 

aor,iAriA*i 
2 

c a 
jj T1ATiAij)1 (101) 

where ty  is the azlmuthal angle. ■ We will now approximate the 
summations in (99) and (100) by integration over the variables 
T and i),   using (99) for T^I/TTB and (100) for T>1/TTB.  Thus, 

1/TTB    2TT 
2   ? B  G^o 

(R/T). 0 

USTTT 
/ 

G2a 0 2TJ 

-/ / 
d^ 

0 min Kft^fg   1/TTB   0     -H 
dt   (102) 

where Tmin is the round-trip propagation delay to the nearest 
scatterers.  Evaluating the integrals gives 

(R/T), -   "(B_)2[i + |in(   1_ 
1   16  f0      3  ^^min 

)] (103) 

The reflectivity GQ is larger for ground clutter than 
for sea clutter [13], so that ground clutter will be used as a 
worst-case environment.  From [13], we use 

o0 = 3.2xl0~i4/X 

■ l..07xl0"12f 0 
Inserting (104) into (103) gives 

(R/T), 6.67xlO"l24G2(P-)B[l + llnCrgl  
0      3     min 

)] 

(lOÜ) 

(105) 

where fg = the carrier frequency in Hz 
B  = the signal bandwidth in Hz 
Tmin ~  the round-trip pi-opagation delay to the nearest 

scatterers in seconds 
G = the numerical value or the antenna gain. 

Following a similar development for the two-channel ICS 
in a clutter environment, we have from (85), (91) and (92), 

i) 2   a 
(R/T)  -  SS |   I  4(1  - -|-)2,  for TTBT.«! 

2   l80c2f2 1 TJ  1  tBN i 
(106) 

and 

[13] Barton, D.K. and K.R. Ward, Handbook  of RetdaT Measurement, 
Prentice-Hall Book Co., 1968, p. 138. 
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(H/T) G 

^TT^C    ff    1    T 
l jr,     for TTBT1>1 

o   'I 

Passing to the Integral approximations, we have 

,^2 

(R/T) 
TTB"G

C
G0     I/TTB     27T[T-(2/TTBN)]' 

720f 0 
/ / 

Tmln     0 

2 
G an       oo 2IT   ,. 
 0_ / /       d| 
l67r3fQ     1/TTB    0     T3 

dtjJdT 

dx 

Using 
2 1 

min 7TBM TTB 

evaluation  of the   integrals    results  in 

G20 
(R/T) 8,B   v2. 

IT*5 Cl + irt(fcrin(„. . 0 N min 

Finally,   applying   (104)   to   (110)   results   in 

)] 

(R/T) 

(107) 

(108) 

(109) 

(110) 

2 « 6.67xlO-iaG2(B )B[1 + ir|(|-)
2in(-I-

1—) ]     (m) 
r0       ^ N    1Tmmin 

d. Antenna Effects on the Multichannel ICS 

The SFF- antenna, being a tuned device, will reflect 
the transmitted signal with a reflection coefficient that Is 
frequency dependent.  The antenna is modelled by a resonant 
circuit shown in Figure 12.  The reflection coefficient for 
this model is given by 

n(   ,        
Zin-R   (VXL)->2JR(XC+XL) 

^in+n       im^+(xc+xLr 
(112) 

where XL ■ wL and Xc = -wC.   Note that at center frequency UQS 
l/ZTc,  ehe antenna is matched so chat PCWQ) = 0. 

As done previously, we will expand p(») In a Taylor 
series about WQ , and determine the single-channel and two-channel 
ICS performance from the coefficients of Hö(f). where Unit)   ■ 
P^Cf+fo]) Ci = 2irp,( j 

2 " (113) 
C2 = 2TT p (a)0) 
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WITH Z0 = R 

FIGURE 12 

RESONANT CIRCUIT MODEL OF SFR ANTENNA 

37 



Differentiating (112) gives 

c'UO 

where 

8R2XX,+2.1RX,(^ l^'-X2) 

('iir'+x'')'1 

x = XC+XL = -i/000 + UiL 

Differentiating (11^) gives 

8R2{(4R2+X2)[(X,)2+XX"]-4X2(X')2}/(^R2+X2)3 

H/ >      2JR[(16RJ*-XJ.)X" -X(X')2(20R2-3X2)] p ^j _ _—_—_  

(111) 

(115: 

(116) 

At u)-u)-,, 

p»(«0) ■  jX'/2R =  jL/R 

P"(u)0) = (X')2 
2 

2R im ■ 2(L/R)2 - J E 0 
(117, 

The two-sided 3 dB bandwidth of the antenna model in 
Figure 12 is 

1 
Bant " ^R/L) 

which,  with Cll?) gives 

(118) 

P'^V    =       J7TB ant 

P"(WQ)   =     2   2 - J 
TT    B ant 

2 

^ant^O 

'     for  Bant<<u)0 
TT'-B ant 

Inserting (119) into (113) gives 

2 
Cl " J /Pant 

C2 " ^Bant 

(119) 

'120) 

U sing (120) in (72; with B/Bant<<l gives 
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(R/T)1  -   icjV/xa +  |C2|
2

BVI80 

'     WBant)2 (121) 

for the single-channel ICS.  Using (120) in (80) with B/B ^<<1 
gives 

2   „i| (R/T)2   -    |C2+J2(C1/BN)|£f   BVI80 

■ 4(B/Bant)^(Bant/BN)-l]2 

ant 

(122) 

for the two-channel ICS. 

e. Numerical Examples 

(1) Single-Channel ICS 

Let us consider a single-channel ICS with the followint 
design parameters: 

f0 = 3xl08 Hz 
B  ■ 105 Hz 
G  = 1 
Bant • 5X107HZ 

We assume the following environmental  conditions: 
(cf/r2)rnax = lo-l for dominant specular reflector 
Tmin = 20 ns (closest reflectors 10 feet away) 

Using Fj -re 10, the isolation achievable with the 
specular reflector i.a 

(R/T)1 = -101 dB (specular reflector)        (123) 

The isolation achievable in the presence of ground clutter is 
determined from (105) to be 

(R/T)1 B -no db (ground clutter;) (124) 

The Isolation limitation due to the antenna reflection is 

(R/T^ = -59 dB (antenna reflection) (125) 

It is clear from the above results that the antenna is the 
limiting factor. 
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(2) Two-Channel ICS 

We now consider a two-channel ICS with the following 
design parameters: 

fo ■ 3xl08 Hz 
B = 105 Hz     j   same as for single^ 
G  = 1 )   channel ICS example 
Bant • 5x107 Hz 
BN = 5x10» Hz 

We assume the following environmental conditions; 
(c/rOmax - 10^  for nearby dominant specular re- 

flector (T<2/TIBN) 
a»  103 meters2 for distant dominant specular reflector 

(T>2/TTBN) 
Tmin = 20 ns (closest reflectors 10 feet away) 

From Equation (96) and Figure 10 the isolation achievable 
with the nearby specular reflector is 

(R/T)2 = -HiO dB (nearby specular reflector)  (126) 

The Isolation achievable with the distant specular reflector is 
determined from Figure 11 to be 

(R/T)2 ■ -127 dB (distant specular reflector) (127) 

The isolation achievable Jn the presence of ground clufcer is 
determined from (111) to be 

(R/T)2 = -116.5 dB (ground clutter) (128) 

The isolation limitation due to the antenna reflection is 

(R/T)2 = -99 dB (antenna reflection) (129) 

Once again the antenna Is the limiting factor, but the achievable 
isolation of the two-channel ICS is 40 dB better than that for 
the single-channel ICS. 

f. Discussion of Analytical Results 

In both the one-channel and the two-channel ICS numerical 
results, the antenna reflection is the major limitation to the 
amount of achievable transmitter-to-receiver isolation.  However, 
the isolation with the two-channel ICS is about kO  dB better 
than with the one-channel ICS. 

An attempt has been made to anticipate the analytical 
results for a three-channel ICS by examining the results for 
the one- and two-channel ICS's.  It is anticipated that the 
antenna reflection limitation would drop by approximately another 
40 dB from that for the two-channel ICS.  However, almost no 
Improvement is expected on the limitation imposed by ground 
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m 
clutter, since the primary ground clutter contributions for the 
two-channel 1CS are beyond the range for which TTBT=1  Thus 
ground clutter becomes the major limiting factor for the three- 
channel ICS, allowing transmitter-to-receiver isolation of about 
-117 dB.  The same limitation holds for any multichannel ICS with 
more than three channels. 

With a design goal of 120 dB Tor SFR forward gain, con- 
servative design requires transmit-to-receive isolation well 
below -120 dB.  The above results, although approximate, leave 
doubt whether 120 dB of useful forward gain is achievable at 
300 MHz with a 100 kHz bandwidth in a ground-based situation, 
Since the achievable isolation is close to -120 dB, the SFR bread- 
board design will incorporate a three-channel ICS with 120 dB 
forward gain capability to allow future field testing of SFR oper- 
ation with the full gain capability. 
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2. MULTICHANNEL NOTCH FILTER ICS EXPERIMENT 

A laboratory experiment was conducted early in the 
program to verify the multichannel notch filter ICS concept 
The experiment used the General Atronlcs MX-200 two-channel'vHF 
ICS developed previously on Internal R&D funds. 

The MX-200 was constructed with two identical channel- 
intended for cancelling two independent interferences simultane- 
ously.  For this experiment, the reference input to the second 
channel was obtained by passing the first channel reference input 
through a notch filter and amplifiers.  In this way a two-ehannel 
notch filter ICS was synthesized with the intention of Improved 
cancellation of a single broadband interference with delay,com- 
pared to that obtainable with a single-channel ICS 

The experimental 
ference was provided by a 
ator operating at 125 MHz 
nected to the ICS antenna 
coaxial cable.  It is supp 
no frequency shaping.  The 
frequency by a notch filte 
much greater than 600 kHz 
delay line notch were used 
of gain.  The ICS output i 

setup is shown in Figure 12. The inter- 
sinusoldally modulated FM signal gener- 
with a 600 kHz bandwidth.  It is con-* 
input through a delay of 200 feet of 
lied at high level to Reference ffl with 
input to Reference #2 is shaped in 

r centered at 125 MHz with a bandwidth 
Both an L-C notch and a quarter-wave 

.  Following the notch filter is 36 d5 
s monitored on a spectrum analyzer. 

The ca 
notch were 
results by 

line 
tion 
the ICS output 
»1 a 
The 
conn 
M-sh 
with 

nd #2  disco 
center phot 
ected, the 
aped residu 
both Refer 

ncellation results for the L-C notch and the delay 
indistinguishable. Figure 1^ shows the cancella- 
a sequence of spectrum analyzer photographs of 
The upper photo is the ICS output with References 

nnected, showing the uncancelled interference, 
o shows the ICS output with only Reference §1 
single-channel ICS configuration giving the expected 
e spectrum.  The lower photo shows the ICS output 
ences #1  and #2 connected. 

The photos show a band edge cancellation ratio of 30 dS 
with the single-channel ICS and 55 dB with the two-channel ICS 
As shown in Equations (88) and (89), cancellation in the single- 
channel ICS is proportional to (BTK, and in the two-channel ICS 
it is proportional to (BT)^.  That is, cancellation in dB with 
the two-channel ICS should be approximately double that with the 
single-channel ICS.  The measured performance roughly verifies 
the improvement expected. 
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VERTICAL SCALE: 
10 DB PER DIVISION 
TOP LINE = 10 DBM 

HORIZONTAL SCALE: 
200 KHZ PER DIVISION 

CA) REFERENCES 1 AND 2 
DISCONNECTED 

(B) ONLY REFERENCE 1 
CONNECTED 

CO BOTH REFEkcNCES 1 
AND 2 CONNECTED 

FIGURE 14 

RESULTS OF TWO-CHANNEL 
NOTCH FILTER ICS 

EX PERIMENT 
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SECTION III 

PILOT-DIRECTED MULTICHANNEL ICS 

1. SYSTEM CONCEPT 

?^P^R  r0rn.JheJ0rrelat0r3  ln the wel8ht cont^l unns      ?S the  SFR application,   the  transmitted  signal  Is  essentlallv m  df> 

^ades^n^^S«™0^^ ^TunaJoida^:!18"3 ^  thereby de- 

The means to be used In this propram to malnfiHn rrq 
performance In the SPR Is to use an addufve pilot sSna? to 

slKna'fdl^cte'd3; f^ f
ICS 'S"?,1! m°dlfled ^-^he^fraLilt- signal-directed" form to a "pilot-directed" form.  A block din 

figure iWlnS ^^ COnCePt ^ a slngle-cna"nel ICS is given in 

A pilot signal Is 
the directional tap Is take 
Input to the complex weight 
ence signal as an Input to 
the pilot signal alone Is u 
on the correlation of the 
alone, rather than with the 
must be designed to have lo 
and hence with the transmit 
W established by pilot dire 
pilot cancellation, and hen 

added to the cransmltted signal before 
n to provide the reference signal 
.  Instead of using this same refer- 
the weight control unit (see Figure 1) 
sed.  The  weight control Is based 
ICS output with the pilot signal 
transmitted signal.  The pilot signal 

w correlation with the received signal, 
ted signal.  The complex weight value 
ctlon Is that which optimizes coupled 
ce coupled signal cancellation as well, 

When a pilot-directed multichannel notch filter ICS is 
used, the pilot supplied to the weight control units must underso 
the same notch filter processing as the weight inputs do.  A block 
diagram of the pilot-directed multichannel notch filter ICS is 
shown in Figure 16.  The differences required by pilot direction 
may be seen by comparison with Figure 5 direction 
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2. LABORATORY EXPERIMENTS WITH A PILOT-DIRECTED TWO-CHANNEL 
NOTCH FILTER ICS 

a. Test Description 

A series of laboratory experiments have been conduct«"! 
to demonstrate the use of a pilot signal with a two-channel notch 
filter ICS.  The experimental arrangement utilized Is shown in 
Figures 17 and lb.  The MX-200 VHF Interference Cancellation 
System (ICS) was modified to permit correlation of the error 
signal at the ICS output with externally supplied pilot signals 
The interference and pilot signal are added and applied to the 
ICS antenna input through a simulated coupling path consisting 
of the cascade of a variable attenuator and a 0.26 us delay coaxial 
cable (200 ft).  Reference input 1 is derived directly from the 
combined pilot and Interference signals while reference inout 2 
is obtained at the output of L-C notch filter no. 1.  The corre- 
lator reference signals utilized in the ICS weight control cir- 
cuits are derived from the pilot signal, as illustrated In Fi- 
gure 17. The correlator Inputs for the first reference channel 
are c'-talned directly from the output of the Anaren quadrature 
hybrid.  The correlator Inputs required for the second referent 
channel are obtained after additional processing using ehe notch 
filter-amplifier cascades shown in the lower portion of Figure 17. 

The performance of this pilot-directed interference 
cancellation system has been tested for the case in which a fre- 
quency-modulated pilot signal is used and the interference Is 
either CW or a pseudorandom noise (PN) waveform.  The pilot 
signal carrier frequency = 141.185 MHz.  The modulation is sinu- 
soidal FM with peak deviation = 50 kHz and modulation frequency 
- 3 kHz.  The interference carrier frequency is also 141.135 MHz 
and both interference and pilot are identical in level at the 
ICS antenna input.  A higher level Interference caused inter- 
modulation products in the amplifier added in Figure 13, obscuring 
the teat results.  This problem can be overcome by different 
gain C   stributlon in the final repeater design. 

b. Experimental Results 

The experimental results are Illustrated by the spectra- 
analyzer displays shown in Figures 19 and 20. Figure 19(a") is 
a spectral display of the receiver input with CW interference 
and the ICS disabled by disconnecting both reference Inputs. 
The display shown in Figure 19(b) results when only reference 
channel 1 is connected, and Figure 19(c) shows the residue spec- 
trum with both reference channels connected.  A 24 dB cancella- 
tion ratio is observed for pilot frequency components at the 
band edges fi and f2 when a single reference channel is used; 
with both reference channels, the band edge pilot cancellation 
ratio  increases to 46 dB. 
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-10 DBM 

VERTICAL: 10 DB/DIV 

FIGURE 19CA) 

CW INTERFERENCE + FM PILOT 
REFERENCE INPUTS DISCON- 
NECTED (NO CANCELLATION) 

n 14 1 .185M1 
100 kHz - ■H 

-10 DBM 

FIGURE 19(B) 

CW INTERFERENCE + FM PILOT 
REFERENCE 1 CONNECTED 

10 DBM 

FIGURE 19CC) 

CW INTERFERENC1 
BOTH REFERENCE 

CONNECTED 

+ !;M PILOT 
CHANNELS 
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Similar results are shown in Figure 20 when the Inter- 
ference carrier Is biphase modulated by a pseudorandom sequence 
at 20 klloblts/sec.  The same FM waveform again is used as the 
pilot.  In this case the band edge pilot cancellation ratio is 
25 dB using reference channel 1 only and increases to HS  dB 
when both reference inputs are connected.  It should be noted 
that at each I'requency the Interference spectral component is 
cancelled by the same amount as the pilot spectral component. 

c. Conclusions 

The results described provide experimental confirmation 
of the pilot-directed Interference cancellation concept to be 
employed in the single frequency repeater design.  The test 
results Indicate that both pilot and interference signals are 
cancelled equally well.  Thjse results hold for both single 
and dual channel Interference cancellation systems. 
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■10   Dr3M 

VtRTICAL:    10   DB/DIV 

FIGURE   20(A) 

PN:: INTERFERENCE + FM PILOT 
REFERENCE INPUTS DISCON- 
NECTED (NO CANCELLATION) 

■10 DBM 

FIGURE 20(8) 

PN" INTERFERENCE + FM PILOT 
REFERENCE 1 CONNECTED 

-10 DBM 

FIGURE 20(C) 

PN:: INTERFERENCE + FM PILOT 
BOTH REFERENCE CHANNELS 

CONNECTED 

:BIPHASE CARRIER MODULATION 
BY A PSEUDORANDOM SEQUENCE 
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PRECEDING nrnjumum KXIOB 

SECTION   IV 

ICS  WEIGJiT  LINEARITY 

— 'H  i        li-frittillBIl 

ijk 
■Hi 

K^ Ki  i.    comPlex weight circuit used In the ICS must be 
highly linear with respect to the reference Input.  Any non- 
linearity will cause nonlinear distortion on the weighted inter- 
ference which will not be cancelled.  Nonlinear distortion in 
the complex weight thus has the same effect as llmltln« the 
?n 'ieVa.bl? wS cancellati°n-  The level of in-band thl?d-order 
intermodulatlon products resulting from a two-tone input is used 
here as a measure of nonlinear distortion caused by the weight. 

The weight design Intended for use In the SFR breadboard 
consists of two bipolar attenuators, one in each of two quadrature 

^n?ne^'AS Sh?r in FigUre 21' Each blP^ar attenuator is D?- 
inversion amplitude scaling with or without phase 

A PIN diode network has been developed at General 
Atronlcs for use as a bipolar attenuator.  The circuit offers 
the following  features:  high power handling capability with 

i?L   llT^l       1^°"  rfUrn l0SSj and low mlnl^-n insertion loss. 
This section will review the efforts carried out to date on this 
program to minimize the nonlinear distortion in the PIN diode 
bipolar attenuator. 

1. PIN DIODE DISTORTION THEORY 

The resistance %of a PIN diode Is controlled by a DC 
Dias current 1DC) with the two approximately reciprocally related: 

Ra ' h'hc (129) 

where iq is a constant depending on the particular diode.  Dis- 
tortion in the diode inonotonlcally Increases with the distortion 
iactor 

D IAC/IDC (130) 

where IAC is the peak AC current through the diode.  Low distor- 
tion performance requires that PD be much less than the fntr 
product, where f0 is the AC operating frequency and TT is the 
minority carrier lifetime of the diode 

Let us 
and output by 1 
(See Figure 22) 
but let N be 

now consider a PIN diode network coupled to input 
n and titl  impedance transformers, respectively. 
Let the source and load impedances 

variable.  Let us define the network 
the ratio of the power delivered to  the 
maximum power available from the source, 
always be expressed in terms of ratios 

be fixed, 
attenuation 

load divided by the 
The attenuation can 

of Impedances found in 

as 
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the network, where the source and load Impedances appear multi- 
plied by the impedance transformation n.  Thus, for  the attenu- 
ation from input to output of Figure 22 to be constant as n 
varies, the resistance of every diode in the network must be 
proportional to u.  For example, if the input transformer is 
changed from a 1:1 transformer to one that steps up the source 
impedance by 1:^„, then the same attenuation  is obtained if the 
diode resistances are increased by a factor of '4.  Thus, FL should 
be proportional to n for constant attenuation: 

Rcj= Kpn (131) 

From   {129)   and   (133),   the  DC  current  required  to  obtain  the  desired 
resistance   in any  particular diode   is 

"DC =   K1/Rd  =  K1/(K2n) (132 

The l:n input Impedance transformer will step dovm the 
AC input current by /n.  If the diodes are biased according to 
(133 , then each diode in the network will carry an AC current 
proportional to l//n, i.e.. 

I.-, = KQ//n (133: 

Thus, from (130, (132) and {133   the distortion factor is given c; 

(IS1*) FD = K2K3/H/K1 

Thus, ,\'e see that reducing FD requires making n as small as 
possible.  That is, the source impedance as seen by the diode 
network should be stepped down (AC-input current stepped up) 
for reduced distortion. 

A second distortion-reducing technique is to replace 
each diode in the network by several diodes in series, if rr. 
identical series diodes are used to give the same total resis- 
tance, then ihe resistance of each diode must be reduced by n. 
This is accomplished by increasing its DC bias current by a 
factor of m.  The AC current, however, is unchanged, so that Pj 
is proportional to 1/81, i.e., 

(X35 D 
1/m 

Thus, distortion is reduced by adding more diodes in series 

The combined effect of impedance transformation and 
series diodes makes FD proportional to /n/

m, i.e.. 

FD * /n/m (136) 

As n is made very small and/or m very large, the minimum 
attenuation of the network begins to increase.  That is, there 
is a tradeoff between minimum attenuation and distortion.  There 
is also a tradeoff between drive power and distortion.  These 
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t.wo tradeoffs will set the eventual 
tlon can be made. 

Lmit on how low the dlstor- 

2. EXPERIMENTAL RESULTS 

A number of experiments have been conducted to measure 
two-tone intermodulation in the PIN-diode circuit using various 
circuit modifications.  Two different methods were used to 
isolate the third-order intermodulation product generated in 
the circuit to permit measurement of its level.  One circuit was 
tested with both methods, and the results were substantially the 
same. 

The first method is diagrammed in Figure 23, in which 
the third-order Intermodulation product is isolated by cancella- 
tion.  Two CW tones are generated, amplified, and combined so 
that each is at a level of +15 dBm at the D.U.T. input.   Some 
of the D.U.T. input is tapped off in a 10 dB coupler to a path 
which is manually adjusted in phase and amplitude to cancel the 
D.U.T. output.  In this way, the two tones and the intermods 
produced ahead of the D.U.T. are cancelled to a very low level 
at the input to the spectrum analyzer.  This allows the intermods 
caused by the test setup to be at a very low level compared to 
those generated in the D.U.T., so that the Intermods seen on the 
spectrum analyzer are those caused by the D.U.T. as long as 
they exceed the calibration level.  The calibration level is 
found by replacing the D.U.T. with a 6 dB pad and manually ad- 
Justing phase and amplitude to cancel the test signals on the 
spectrum analyzer display. 

The second method, diagrammed in Figure 24» uses fil- 
tering to Isolate the third-order intermodulation product.  The 
two tones are separated by 5 MHz, and their generators are iso- 
lated from each other by a hybrid combiner and by bandpass fil- 
ters #1 and #2.     The third-order intermodulation product is 
selected by bandpass filter #3 for display on the spectrum analyzer, 

A summary of the worst-case intermodulation level;: found 
from a two-tone test on the different bipolar attenuator Imple- 
mentations is given in Table 1.  The first column shows the date 
on which each test was conducted.  The second column refers to 
the test setup  — either Figure 23 or Figure 2k.     The third 
column of Table 1 describes the structure of the D.U.T. — the 
type of input transformer used, the number of series diodes In 
each leg of the network and the diode type.  The fourth column 
shows the principal test result — the highest level of the 
output intermods over the full range of attenuation of the D.U.T. 

Several conclusions can be drawn from these results. 
First, as long a? the DC  drive is optimized, for low intermodu- 
lation performance at the frequency of operation, there Is very 
little dependence on frequency in the 225 MHz to 400 MHz range. 
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Secondly, the Intermod product3 can be reduced by about 10 dB 
by using a 50^:12.5fl Input transformer  Instead of a 50^:50^ 
transformer.  (The same transformer with primary and secondary 
interchanged is used on the output as well.)  Finally, the same 
10 dB improvement can be gained by replacing each PIN diode by 
two PIN diodes in series and keeping the transformer fixed. 
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SECTION  V 

SPR   SYSTEM  DESIGN 

HtECEDIt» PAGE JLUMDT FILMED i PAGE J3 

the basl 
ceptual 
shows a 
with a 6 
passes t 
RF ICS i 
tlon, su 
slon wit 
antenna 
below. 

,TrL ?uCe?tS dfscribed ^ the preceding sections form 
.for the formulation of the SFR bxocK diagram.  A con- 
block diagram of the SPR is given in Figure 25   It 

'ÄbMd6««^!^ f0r both ^nsmis.ion and reception, 
dB hybrid as the antenna coupler.  The received alffnal 

hrough a single-channel pilot-directed ICS at RF  The 
s expected to provide 55 dD of transmlt-to-receive isola- 
fficient to allow RF amplification and RF-to-IF conve?- 
h negligible distortion.  An experiment with a simulated 
supporting the 55 dB figure is described in Section V 2 

Following RP-to-IP conversion, the signal is amnlified 

ICS ItTF      ArT.S  thrr^annel P^^-directfd notch filter 105 at Lt .     At this point the full (R/T)-,   i^nia-M™ 4. ^K^- / ^ 
The signal then passes through an1!^^^^^  ie^^nh'' 
AGC for output .evel control.  The detected videc output of the 
amplifier is used to indicate signal presence to control ?he DC 
power supplied to the RF transmitter amplifier  COntro1 the Do 

Tf ^ on The Pi^?t.ls generated at IF and added to the signal 
It is also supplied to the IF ICS as well as to the RF ICS after 
up-converslon.  The combined signal plus pilot"are up-converted 
to RF and amplified to a 1 watt level for transmission 

onal units 
rm of Figure 

A more detailed block diagram showing functi 
c girn ir\P1^re 26.  This diagram follows the form  

the J^emXtra ^^ Sh0WS the di^^ution of gain throughout 

1. FEATURES OF THE SYSTEM DESIGN 

sign Matures:™ haS beer: deslgned to P^vide the following de- 
Operating frequency 
Bandwidth 
Minimum detectable signal 
Signal-to-noise ratio for 
minimum detectable signal 

Forward gain on minimum signal 
Output power level1 

Input dynamic range 

300 MHz (nominal) 
100 kHz 
-90 dBm 
+17 dB for 100 kHz bandwidth 
+23  dB for 25 kHz bandwidth 
+120 dB 
+30 dBm (PEP) 
60 dB 

'The output power level is expressed in terms of peak effective 
power since the AGC detector which controls the output power 

a peak detector. H level is 
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Slgnal-to-Intermodulatlon      +20 dB 
ratio (two-tone output with 
minimum detectable signal) 

Signal modulation types       any with bandwidth ^100 kHz 

a. Calculation of Forward Gain 

T^hi« o  TKe Jystem ßai" (and loss) distribution is tabulated in 
Table 2, showing a total of 120 dB of forward gain. 

b. Calculation of Minimum Signal-to-Noise Ratio 

from [IHJT.   531^   "^^ ^ ^ recelver w111 be calculated 
(F -l)   (F  i) 

PRCVR = Fl + " 
&i g1G2 (137) 

where the numerical subscripts index the receiver gal- st&sea i- 
oraer of their occurrence, Fi is the noise figure of chei-th 
stage, and si is the gain of the i-th stage.  All g?lns and" 
"? ^ fpiUrS are in numerlcal ratios, not in decibels.  Because 
of the RF losses preceding it, the noise figure of the first 
stage is given by [l4,Eq. 6l] 

Fl = LRFFi (138) 

where Fj is the numerical value of the RF preamp noise figure 
and LHF is the numerical v.-. . « of the RF loss preceding th- preamp. K  »w«**^ ua* 

The noise contributors are tabulated in Table 5  In- 
serting those values in Equation (137) gives 

FRCVR = 53.5 = 17 dB (139) 

Assuming a thermal noise spectral density of Nn = -174 dBm/Hz 
.he minimum signal-to-noise ratio is determined from 

Smmin  = Smin(dBm) - N0(dBm/Hz) - FRCVR(dB) - 10 log^E 

=67-10 log,nB 10 ilUQ) 
where S^in = -90 dBm, the minimum received signal level, and 
B is the bandwidth in Hz in which the signal-to-noise ratio is 
measured.  Thus, 

SNR    ■ ;17 dB for B = 105 Hz, 
min   ^23 dB for B = 2.5x10^ Hz 

m  Mumford, W.W., E.H. Scneibe, Noise  Performance   Factors   in 
Masr^iqer"0 5lJStem>     Horlzon House-Microwave, Inc., Dedham, 
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TABLE 2 

SYSTEM GAIN DISTRIBUTION 

Gain or Loss Contributor (re: Pig. 26) 

BPF 
6 dB Coupler 
RF ICS 
RP-IF Mixer and BPF 
First IF Amplifier 
IF ICS 
XTAL BPF (2) 
IF AGC Amplifier 
IF-RF Mixer and BPF 
Transmitter RF Amp 
6 dB Coupler 
BPF 

Overall System Gain 

Gain (In dB) 

-1 
-7 
+7 
-7 
+9 

+ 10 
-8 

+80 (max) 
-7 

+46 
-1 
-1 

120 dB  (max) 

TABLE 3 

SYSTEM NOISE FIGURE CONTRIBUTORS 

Item 

LJ^F, RF losses 

noise figure of RF preamp F' rl' 

Si» 

F2, 

g2 

F3' 

gain from Input of RF preamp with Image 
filter to Input of IF amp #1 

noise figure of IF amp #1 

gain from input of IF amp §1  to 
input of IF amp #2 

effective noise figure of IF amp ^2 

Decibel Numerical 
Value Value 

12 dB 15.85 

5 dB 3.16 

5 dB 3.16 

5 dB 3.16 

6 dB 3.98 

5 dB 
plus IF ICS 
added noise 

35.84 
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C'   IZlTrul S^naa-to-lntermodulation  Ratio  on  Weight 

appears a? ?h2 Sut  to tSe^I?!  %90 T "  the  SFR  lnPut 

the  thlrd-ordlr  l^termodilltlon  nroS     ?  leVeJ   0r  -98  dBm-     Thus. 
ICS  weight  must  bS «^ u"l Sot  e«««^    Jfs^  "f the/F 

to meet the .IgMl-to-lntep^dSlatJon"«!"! ^f'^o'dS.      0rder 

are both Tl uUlZ'lTZ'^To IZ^"^ ^^  ^ 
the returo loss of the  SFR aoteinfifat'L'lst  «'«'"fhi^c 

0? " *B» rhledT?0thhe antenna lnput of "e Rp5Ks'a 1 l«.l üi   ri  am each.     If   they  are  to  be  cancelled     thP  RP   Tr?    ZA   Zt 

r=Uqii^dOVJoeou?e Tt +1 dBm output l«"l      ä«! Jhe'Setght^ required  to put  out   two   tones  at   +1  dBm eaoh  with   ^Jq        -" 

2.   ICS   EXPERIMENT  WITH   A   SIMULATED  ANTENNA 

a.   Test  Description 

A  single-channel  pilot-directed   IPS  wac,   fo^i-^H 

A  schematic  diagram of  this  circuit  is  gi5en  in  F^gSre  "j. 

uous d!      K    ^Shf U^^^-r^oe^tefL-ho0^ ^^hl1 

1% HtZXfSllSl^l Je0pdaBt^reCtlOnal  C0UPler ^ Ä"« 

pilot  are  fed  to  the  antenna  simulator and  to  the  Reference  1 



■—■■in-iHi aammimm*   ■■, 

0.15   UH 

(5   TURNS   #22   ON   1/V   FORM) 

 nrrrrn  

9-35Pr 5-18PF 680.Q 

FIGURE   27 

SIMULATED   ANTENNA   NETWORK 
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Input of the modified MX-200  VHP ICS. The MX-200 modifications 
are identical to those discussed in Section IV.2. 

A portion of the pilot is taken and split into two 
quadrature components which are adjusted in delay and amplitude 
to drive the I and Q correlators in Channel #1 of the MX-200 
The notch filter processing used with Channel #2 in Section III 2 
is not used in this experiment. 

The antenna simulator was connected to the antenna 
coupler in two ways:  with a BNC barrel ^approximately 2 inches 
long)  and with a six-foot length of coax.  Cancellation results 
were obtained for both connections.  The reference level for 0 dB 
return loss was obtained by disconnecting the antenna port of the 
antenna coupler and leaving it open. 

b. Test Results 

The test results are shown in the photographs of Figures 
29 through 32.  Figure 29 shows the output of the ICS with no 
cancellation and the antenna simulator disconnected.  The 100 kHz 
wide FM pilot is shown with the CW transmitter signal near the 
center of the screen.  Figure 29 is the return loss reference. 

When the antenna simulator Is connected on a two-inch 
cable, Figure 30 shows the ICS output is reduced by lr dB from. 
Figure 29.  No ICS cancellation has yet taken place. ' 

When the ICS reference is connected, the ICS cancels 
producing tne output spectrun shown in Figure 31(a)   The CW 
transmitter signal at the center of the screen is in a deep null 
in excess of 70 dB from the return loss reference.  When the CW 
frequency is moved to the pilot edge in Figure  31(b)  the inter- 
ference rejection is seen to  be 55 dB from the reference level. 

A similar sequence of photographs is shown in Figure 3^ 
for which the antenna simulator is connected at the end of a 
six-foot cable. Figure 32(a) shows the uncancelled ICS output 
down 15 dB from the reference level. Figure 32(b) shows the 
cancelled ICS output with the CW interference at band center 
nulled by more than 70 dB. Figure 32(c) shows the cancelled 
ICS output with the CW interference at band edge hulled by 60 dB. 

c. Discussion of Results 

The combination of 15 dB return loss and single-channel 
ICS cancellation is seen to provide a worst-case (band edge) 
transmitter-to-receiver Isolation of 55-60 dB with a 50 Wiz  wide 
simulated antenna.  This Isolation is felt to be sufficient for 
repeater RF front end to operate properly.  Further transmitter 
rejection will then be accomplished at IF with a multichannel 
notch filter ICS. 
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HORIZONTAL: 20   KHZ/DIV;  VERTICAL:  10 DB/DIV, -10 DbM TOP 

' 

^'■■■■«■■m 
m 

jammn WT.TF* 1 
FIGURE   0-9- RETURN LOSS REFERENCE - 1CS OUTPUT WITH ANTENNA 

PORT OPEN AND NO CANCELLATION 

MWUPWSZ 

iiiiiuiiiki 

mrTTMrzi 
FIGURE   30 - UNCANCELLED ICS OUTPUT WITH ANTENNA SIMULATOR 

ON TWO-INCH CABLE 
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HORIZONTAL:  20 KHZ/DIV;  VERTICAL: lOD./DIV, -10 D BM TOP 

(A) CW INTERFERENCE 
COMPONENT AT BAND 
CENTER 

 L 

J|H 

(B) CW INTERFERENCE 
COMPONENT LOW 
FREQUENCY BAND EDGE 

FIGURE 31 - SINGLE CHANNEL CANCELLED IC5 OUTPUT WITH ANTENNA 
SIMULATOR ON TWO-INCH CABEL (15 DB RETURN LOSS) 
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HORIZOrjTAL: 20 KHZ/DIV 
VERTICAL: 10 DB/DIV, 

-10 DBM TOP 

(A) UNCANCELLED OUTPUT 

(B) CANCELLED OUTPUT WITH CW 
INTERFERENCE COMPONENT 
AT BAND CENTER 

CO CANCELLED OUTPUT WITH CW 
INTERFERENCE COMPONENT 
AT BAND EDGE 

FIGURE 32 

CS OUTPUTS WITH ANTENNA 
SIMULATOR ON SIX-FOOT CABLE 

(15 DB RETURN LOSS) 
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SECTION VI 

SPR BREADBOARD DESIGN 

An SFR breadboard system was bunt based on the deslp-n 
concept presented in Figures 25 and 26.  It was designed to oper- 
ate at a 291.8 MHz RP, with a power output of I watt.  The details 
of the implementation are presented in this section. 

A block diagram of the SFR breadboard is given in Figure 
?] W?,2? !h0WS the system functions performed in each subassembly, 
identified by   the letter in  the upper left-hand corner of each 
block.  Figure 34 is a block diagram illustrating the electrical 
implementation of each of these subassemblies. 

Both the RF and IF ICS's have their complex weights 
controlled by correlation of the ICS error signal with a pilot 
signal. This pilot signal is added to the S^R transmission so 
that it is present on the transmitted signal as discussed pre- 
viously.  The pilot supplied to the IF ics correlators is at 
30 MHz. while the pilot supplied to the RP ICS correlator is 
first up-converted to the RF. 

1. BLOCK DIAGRAM DESCRIPTION (Figure 3'() 

An input signal from the 
Antenna Input of Box A through a 6 
this input are coupled components 
the pilot . The fourth port of the 
provide a portion of the transmltt 
Reference Input of Box A. The Ref 
dB, is outputted from Box A for do 
use In the IP ICS. A larger porti 
(attenuated by 6 dB) is adjusted b 
cancellation of the coupled RF tra 
a 3 dB hybrid combiner. The RF we 
low intermodulation distortion upo 

antenna is coupled into the 
d.B  coupler.  Also nresent on 

Of the transmitted signal and 
same 6 dB coupler serves to 

ed signal and the pilot to the 
erence Input, attenuated by 26 
wn-conversion to IP and further 
en of the Box A Reference Input 
y the RP weight to effect 
nsmitted signal and pilot in 
ight is designed to impart very 
n the reference signal . 

After RF cancellation, the received signal and cancella- 
tion residue are provided to Box B where they are amplified and 
down-converted to 30 MHz and outputted to Box D.  A sample of the 
RF ICS output is extracted for use as the RF ICS feedback error 
signal.  It is chopped at a ^55 kHz rate.  Chopping sidebands 
that appear in the main line of the er- or coupler are at multiples 
of i)55 kHz from the RP, and will subsequently be rejected by 
100 kHz wide filters at IP. 
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IS 
The chopped preamp output is fed to Box C where it 

correlated with I and Q versions of the up-converted pilot to 
generate the I and Q control signals for the RP weight 

sion of f^eR
OUtI?Un r/0m  PJX A carrying the 26 dB attenuated ver- 

sion of the Box A Reference Input is connected to Box M where it 
Is further attenuated by 20 dB and then down-converted to IF.  ^ 

dJstortlonain0?hiSHneCeSSary 1°.  aVOld Seating Intermodulatlon aistortlon in the down-converting mixer.  The resulting signal 
containing the transmitted signal and pilot at IF, fo^s tK  ' 
^re?peTP?rUt/er the IF ICS welShts.  It is provided to the 
three IP ICS weights, located in Boxes P, G and H, fron output 
taps on a cascade of 30 MHz notch filters located'in B^x E!P The 
taps are extracted by 3 dB hybrid splitters.  Each staee of notch 
III/    fJS  s!prated by an amPl^ler to provide isolation 
between the notches and to restore some gain to the notched slg- 
rid _L s • 0 

Box n  f Jn6 °Unt?^Vf ^he IF ICS welShts are all combined In 
Box D then amplified and combined with the IP Main Input to 
effect cancellation at IF.  The resulting signal is further 
amplified and supplied to Box D', where it is split into two 
paths.  One path passes through a 100 kHz wid- crystal bandoass 
filter and out to an IF AGO amplifier. «"«^«BB 

.^„ai  .Theu0the^ P^» serving as the IF ICS feedback error 
signal, is chopped at a 455 kHz rate and split into six outbuti 
three in-phase (I) and three quadrature (Q),  One I output Ind 
one Q output '„re provided to each of the three identical IF 
weight control units (Boxes I, J and K).  In these units the I 
and Q weight control voltages are generated by correlating the 
I and Q inputs with the pilot signal obtained from taps on a cas- 
cade of notch filters.  This notch filter cascade is locked in 
Box L and is identical to that in Box E. 

hv « inn lue 0^PUt 0f the IF AGC ämPllfier is further filtered 
Jth JH ^ rld! crystal bandpass filter. It is then combined 
With the pilot signal in Box M' in a 21 dB coupler. 

to ^he 2<nh8 SSf PS^ ^ßnal and Pll0t are converted in Box X to .he 291.8 MHz RP.  They are then amplified to the point where 

TllotlTTtlfn  H^ Slgnal 1S  at +30 dBm' and the transmit?^ pnor is at +10 dBm. 

2. CIRCUIT DIAGRAMS 

a. RP Weight and Canceller - Box a 

^   94   Scher"ati<: diagrams of Box A are given in Figures 35 and 
111  D Flgure 3l  shows the resistive networks used to attenuate 
.ÜMT« 

rÄnC! Input' and the hybrid components used for signal 
splitting and combining.   Figure 36 shows the schematic dltalls 
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of the RP bipolar attenuator, designed for low IntermodulatIon 
distortion. 

b. RF Preamp and Down-Converter - Box B 

A schematic diagram of Box B is given in Figure 37, 
Care has been taken to isolate the RF amplifier (AH-591) and 
the IF amplifier (AH-592) from stray coupling through the +15V 
DC power line.   The input to the AH-591 is protected by a 
Schottky diode limiter, so that if excessive power is reflected 
at the SFR antenna terminal, it will not destroy the amplifier. 

c. RP Weight Control Unit - Box C 

Schematic diagrams of Box C are given in Figures 38 
through ^1.  Box C contains five circuit cards.  With reference 
to Figure 38, the circuitry is subdivided in the following 
manner:  the first card contains the pilot up-converter, the 
two hybrid splitters, and the two correlators (I ana Q);  the 
second and third cards are the synchronous detector/lowpass 
filter, I and Q respectively;  the fourth and fifth cards are 
the bipolar attenuator drivers, I and Q respectively.  A test 
Jack Is Included between each lowpass filter and driver to 
allow the feedback loop to be opened and an external DC weight- 
control voltage inserted, or to monitor the DC weight control 
voltages under closed-loop operation. 

Figure 39 shows a schematic of the correlator.  It takes 
the form of a diode-quad double-balanced mixer, except that the 
diodes are biased with a low DC current to maintain linearity 
with respect to both inputs without sacrificing sensitivity at 
low input levels.  The output is at the chopped frequency, ^55 
kHz. 

Figure ^0 shows a sc 
lowpass filter. The ^55 kHz 
up in voltage in a tuned tran 
amplifier, and further ampllf 
It is synchronously detected 
by the combination of a CD401 
amp, in which the analog swit 
the unity gain inverting mode 
mode. A 7^1 op amp is then u 
blish the open loop feedback 

hematic of the 
input from the 
sformer, amplif 
led in a CA3100 
against the ^55 
6D analog swltc 
ch alternately 
and the unity g 

sed as a lowpas 
time constant o 

synchronous detector/ 
correlator is stepped 
led in a IJA733 video 
wideband op amp. 
kHz chopping signal 

h and a CA3100 op 
puts the op amp in 
aln noninverting 
s filter to esta- 
f 1.5 seconds. 

Figure Hi   shows the schematic of the driver for the RF 
bipolar attenuator.  A 7^1 op amp is used as an input buffer, 
after which the driving voltage is split into two paths, one 
the inversion of the other.  These voltages are converted non- 
llnearly -Into the drive currents, Ia and I^, required by the 
bipolar attenuator to maintain low intermodulatlon distortion 
over the range of attenuation while maintaining linear control 
of the RF output voltage.  The crossover currents, where la^Ib 

83 



s 
a: 
Hi 
(- 
CC 
LU 
> 
z 
O o 
2 
$ 
O 
Q 
a 
z 
< 
a. 

< 
ID 
CC 
a. 
u. 

84 

/ 



■: 

LU 

I« 
3 
9 5 
~£ I n ^ u. 

in 
15 

/ 

« rt  

B 5 

_1 z ^ ^ 

t F c 
CO < Q 

e > 
P » 
< 5 
D HI 
7  W 

?!< 
< I   1 
KS 
< UJ 

CO 

O 

> 
czzHi' 
u < 
t-g 

B 
O F 

i Z uj 
> c 

i^B 
co < D 

\ 

tzxi' 
o < 

K 

Z 
3 
-I 
O 
cr P z 

/ 

< 

z £ 

m a: 

85 



V Vl.Ot 
COMPONENI 

HE CORRELATOR fF COHRLLArOR 

C1 300 pt 1000 pf 
C2 .10 uf .15 uf 
C3 .15uf .15 uf 
C4 .15 uf 15 uf 
C5 300 pf 1000 pf 
C6 .15 uf .15 uf 
C7 300 pf 1000 pf 

PILJT 
INPUT 

CR1    CR4 ARE FAIRCHILD FH1100 

Ö 
455 KH/ 

OUTPUT 

5.6K 
VA +15 V 

8 CHOPPED 
■O O ERROR 

LIGHT 

-15 V 

FIGURE 39 

SFR RF AND IF CORRELATORS 
(USED IN RF AND IF WEIGHT CONTROL UNITS) 
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and the attenuation Is greatest, are set by the two pot adjust- 
ments.  The nonlinear characterise 1c of output' current vs Input 
voltage, which compensates for the control nonlinearity of the 
PIN diode bipolar attenuator, is determined by the diode-resistor 
networks in emitters of the two current source transistors. 
The resulting linearization of the overall control is shown In 
Figure 42. 

d. IP Canceller and Error Signal Distribution - Boxes D and D' 

Figure ^3 gives the schematic, diagram of Boxes D and D'. 
In Box D the I outputs and Q outputs of the three IF ICS weights 
are combined using a single quadrature hybrid combiner for all 
three weights.  The combined weight outputs are amplified, com- 
bined with the main IF input from Box B for cancellation, and then 
further amplification provides the output to Box D'. 

The input to Box D' is split into two paths.  The upper 
path is amplified, chopped by ^55 kHz, and split into three I 
and three Q outputs to be used as chopped error signal inputs 
to the IF ICS correlators.  The lower path is passed through 
a two-pole crystal filter with L-C impedance matching networks 
at its input and output.   The input matching network is enclosed 
in a copper can to prevent it from radiating out-of-band signals 
around the crystal filter into the output network. 

e. Notch Filter Chains, Boxes E and L 

Figure 44 gives a schematic diagram of the notch filter 
chains in Boxes E and L that provide the tapped outputs of 
tandem notch filters.  The inductors Li and L2 are high-Q compo- 
nents, made by winding 22 turns of #30 wire on a Micrometals 
#T30-6 ferrite toroid.  The resulting 3 dB bandwidth of the notch 
filters is 2.1 MHz, and the notch depth is 20 dB.  Several passive 
notch filter configurations were tried, and this one gave the 
narrowest bandwidth with the same notch depth. 

f. IF Weight Assemblies, Boxes F, G, H 

As shown in Figure 45, the three identical IF weight 
assemblies in Boxes F, G and H consist of an in-phase power 
splitter and two bipolar attenuators, one for the in-phase (I) 
component and one for the quadrature (Q) component.   The 
schematic diagram of the II-   bipolar attenuators is given in 
Figure 46.  It is similar in form to the RF bipolar attenuators 
drawn in Figure 36, but intermodulatlon distortion is less impor- 
tant because the IF bipolar attenuators are operating at input 
levels at least 38 dB below the RF bipolar attenuator input level. 
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FIGURE 42 

RF BIPOLAR ATTENUATOR-DRIVER CHARACTERISTIC 
DETECTED RF OUTPUT VOLTAGE VS INPUT CONTROL VOLTAGE 
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UNLES? OTHERWISE SPECIFIED: 

ALL RESISTANCE VALUES ARE IN OHMS, ± 5«   1/4 W 
ALL CAPACITANCE VALUES ARE IN PICOFARADS 

MCL PSC-3-1 
V)        THREEWAY COMBINER 

+ 15V 

m 
MCL PSO-3-1 

THREEWAY DIVIDER 

MERRIMAC 
QHF-2A-30 

QUAD. HYBRID 

^ 
300 

2 B 

3,4.7.8 ■^■ 

OPTIMAX 
AH-592 
G ■ 12dB 

455 KHz CW 
FROM      N ~ 

T ^i 
D 
O 

■fl 

MCL PSC-3-1 
THREE-WAY DIVIDER 

LM       ^^.8-1 

L1,L2 22T »32 ON 
MICROMETALS T30-6 CORE 

Ik jr~ 
[      j 
~V~ 

PIEZO4102F 
MONOLITHIC 
-FlYSTAL FILTER 
f0 - 30 MHz 
B - 100 KHz 
 \/  

T? 
■i- 3,4,7,8 ■±- 

Iff IF OUTPUT 

.8-10 

30MHz CRYSTAL FILTER 

FIGURE 43 

SFR IF CANCELLER AND ERROR SIGNAL DISTRIBUTION 
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IF Weight Control I'nlts, Boxes T, J, K 

Boxes I, J and K contain three 
for the IF weights.  A block diagram of 
given in Figure kf,     These units are bui 
similar to that used in the RF weight co 
earlier.  There are five circuit cards, 
power divider and two (I and Q) correlat 
is shown in Figure 39.  The second and t 
I and Q synchronous detector/lowpass fil 
is shown in Figure ^0.   The fourth and 
I and Q bipolar attenuator drivers, whic 
a test Jack for monitoring the DC contro 
serting external DC voltages under open 

identical 
these cent 
It in a fa 
ntrol unit 

The firs 
ors, whose 
bird cards 
ters, whos 
fifth card 
h are each 
1 voltages 
loop test 

control units 
rol units is 
shion very 
s discussed 
t contains the 
schematic 
contain the 

e schematic 
s contain the 
preceded by 
and for in- 

•"onditions . 

Since the IF bipolar attenuators a 
from the RF ones, their drivers are slightl 
A schematic of the IF bipolar attenuator dr 
Figure 48. Its operation is basically the 
RF bipolar attenuator driver of Figure 4l. 
between the two 1ies in the resistor values 
diode network on the emitters of the la and 
transistors that compensate for the control 
bipolar attenuators. The 30 MHz attenuator 
form is shown in Figure 49 as a function of 
input waveform. 

re slightly different 
y different as well, 
iver is given in 
same as that of the 
The difference 
used in the resistor- 
lb current source 
nonlinearity of the 
output voltage wave- 
a sawtooth driver 

h. IF AGC Amplifier 

The IF AGC amplifier is used to provide gain at IF with 
AGC action through a peak detector.  This keeps the final trans- 
mitted output power at 1W so that multichannel inputs are relayed 
with the same relative power.  The IF AGC amplifier is manufactured 
by RHG Electronics Laboratory, Inc., Model #EST3002.  Its per- 
formance is summarized in Table 4. 

1. IF Bandpass Filter and Pilot Distribution System, Box M' 

A schematic diagram of Box M' is given in Figure 50. 
The AGC amplifier output is bandpass filtered in box M' in a two- 
pole crystal filter of 100 kHz bandwidth at 30 MHz, with L-C 
input and output Impedance matching networks.  The same type of 
filter is used to constrain the spectrum of the pilot signal 
before it is split and combined with the transmitted signal in 
Box M'.  The pilot is used as the reference input in the RF and 
IF ICS correlators. 
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FIGURE 49 

IF BIPOLAR ATTENUATOR-DRIVEiR CHARACTERISTIC 
IF OUTPUT VOLTAGE VS INPUT CONTROL VOLTAGE 
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Table   'I 

IF AÖC  Amplifier 
(RHG  #EST3002)   Performance  Characteristics 

Center Frequency 

3  dB Bandwidth 

Maximum  Power Gain 

1 dB Compression Point 

Maximum Saturated Power Out 

Noise Figure 

Max. Voltage Gain (AGC loop) 

Maximum Voltage Out (video) 

Voltage Required for 
60 dB of AGC Range 

AGC Time Constant 

AGC Compression Ratio 

Rise Time 

Power Required 

30 MHz 

2.8  MHz 

83  dB 

+15  dBm 

+20  dBm 

1.8  dB 

103  dB 

7.4 V  P-P 

-4.65 V 

15 ys 

60 dB/<3 dB 

0.50 vis 

+12  VDC  at   110 mA 
-12 VDC  at   45 mA 
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J. Signal Up-Converter, LO Distribution and Reference 
Down-Converter, Box M 

A schematic diagram of Box M Is given In Figure 51, 
The 30 MHz IF Input Is up-converted by mixing It with the 261.8 
MHz local oscillator to the 291.8 MHz RF.  It Is then bandpass 
filtered In a two-section L-C filter and amplified bv 12 dB. 
The 12 dB amplifier is followed by a 30 MHz notch filter to 
reject the IF, and a delay line notch filter with a null at 
231.8 MHz and a peak near 291.8 MHz to reject the lower sideband 

The LO input is a 261.8 MHz 
It is distributed through a network o 
pads, and amplifiers which are used t 
through tha LO distribution network, 
outputs to the pilot up-converter and 
converter. If the pilot signal flows 
reaches the receiver IF input through 
by the transmitted signal. Thus, whe 
cancel the pilot, it will not be cane 
signal In the same manner. 

sinusoid at a 0 dBm level. 
f hybrid splitters, filters, 
o prevent signal flow 
For example, there are LO 
to the signal down- 
through this path, it 
a path which Is not shared 

n the IF ICS adapts to 
elling the transmitted 

The LO la used in two mixers in Box M — one to up- 
convert the transmitted signal, and the other to down-convert 
the RF ICS Reference for use as the IF ICS Reference.  The LO 
is outputted from Box M for use in two otner places — in Box C 
for up-converting the pilot and in Box B for down-converting 
the signal. 

k. Transmitter Power Amplifier 

The transmitter power amplifier is manufactured by 
Microwave Power Devices. Inc., Model #LWA055-2.  Its performance 
feature? are summarized'in Table 5. 

t • ^55 kHz Waveform Generator, Box N 

A schematic diagram of Box N is given in Figure 52. 
The '455 kHz squarewav^ is generated in a CD40^7AE oscillator. 
Four outputs are taken directly from the CD^O^AE to drive the 
synchronous detectors in the RF ICS and IF ICS weight control 
units.  These outputs supply low current levels. Two higher 
current outputs are provided through Class C buffers at +7 dBm 
each to drive the error signal choppers in theRF ICS and IF 
ICS. 

101 



O  in 

o 

QC 

i y 
Ui z 

c a 
>    ^- 
o r 

0 c 
hi 
\\ 
SS a 
1 I 

102 



Table 5 

SFR Transmitter Power Amplifier 
(MPD #LAA055-2) Performance Characteristics 

Frequency Range 

Power Output 

Third-Order Intercept 

Harmonic Levels 

Gain 

Gain Flatness 

Noise Figure 

Input Power 

5-500 MHz 

+33 d3m, 1 dB compression 
+35 tiBm, saturated 

+^3 dßm 

-20 dB, max 

38 dB, min 

±1.0 dB 

8 dB 

+2h  VDC, 1.65 amps 
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SECTION VII 

EXPERIMENTAI RESULTS WITH THE SFB,   BREADBOARD 

Teata were conducted on the SPR breadboard which were 
alined at eatabllahlng the following principles of operation: 

1) Pilot direction of an ICS Is valid and can be used In an 
SPR. 

2) An IP ICS can further Improve the cancellation of an RP 
ICS and thus Improve the forward gain of an SPR. 

3) A multichannel notch-filter ICS can be used to Improve 
broadband cancellation performance and SPR forward gain. 

4) The ICS Is applicable to an SPR to Increase forward gain. 
5) The SPR Is linear and can be used as a multichannel relay. 

These operating principles have been experimentally established. 
The SPR experiments also have demonstrated the performance limi- 
tations in the present breadboard and point out the need for 
further improvements. 

1. PILOT DIRECTION AND CASCADED ICS'S 

The RP ICS by Itself provides 40-^5 dB of cancellation, 
both on the pilot and on the coupled transmitted signal. The IF 
ICS (single channel) provides an additional ^3 dB of cancella- 
tion beyond that on a CW pilot.  The shape of the resulting IF 
ICS cancellation notch, however. Is very narrow, producing 
great variations in the transmitted signal cancellation as a 
function of its location in the 100 kHz transmission band.  The 
same frequency-dependent cancellation performance Is noted on 
an PM pilot (LOO kHz wide), where the band-center cancellation is 
deep, but the band-edge cancellation is only 5 dB down from the 
RP ICS cancellation.  If a transmitted signal is added to the 
pilot, its cancellation spectrum follows that of the pilot. 

The cancellation performance described above is illus- 
trated in the photographs of Figure 53.  The photographs show 
the PM pilot at the output of the IP ICS,  The upper photo is 
with the RP and IP cancellation disabled.  The center photo is 
with only the RP ICS operating.  The lower photo is with both 
RP and IP ICS's operating.  It may be noted that the cancellation 
notch formed by the RP ICS is broad,  but the IF ICS notch 
is narrow, accounting for the degraded cancellation at the band 
edges. 

A narrow cancellation notch is caused by imperfect match 
of the phase and amplitude vs frequency characteristics between 
the circuitry along the main input and along the reference input. 
Correction of a phase mismatch was attempted by adjusting cable 
lengths both at the IF ICS inputs and at the RP ICS inputs, but 
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HORIZONTAL   SCALE: 
20   KHZ/DIV 
30   MHZ   CENTER   LINE 

VERTICAL   SCALE: 
J0   DB/DIV 
-10   DBM   TOP   LINE 

UPPER    PHOTO:    RF   AND    IF 
ICS'S   DISABLED 

CENTER   PHOTO:   RF    ICS 
ONLY   ENABLED 

LOWER   PHOTO:      RF   AND   IF 
ICS'S   ENABLED 

FIGURE   53 

CANCELLATION   CHARACTER- 
ISTICS   OF   RF   AND   IF   ICS'S 
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no Improvement was gained.  It has been concluded that the mis- 
match problem must be in amplitude, but further diagnosis and 
correction has yet to be done. 

2. MULTICHANNEL NOTCH FILTER ICS 

The IF ICS was designed as a three-channel notch filter 
ICS.  It has the capability of improving broadband cancellation 
performance over that of a single-channel ICS when non-flat 
amplitude or phase vs frequency characteristics limit the can- 
cellation bandwidth as is the case here.  The implementation of 
the notch filter ICS in the SPR breadboard, however, was found 
to be ineffective with a signal as narrowband as 100 kHz.  That 
is, the three-channel ICS performance was the same as that of 
the single-channel ICS. 

T^sts were run on the three-channel IF ICS alone to de- 
monstrate its operating principles.  The tests were conducted 
using a 600 kHz bandwidth FM test signal at 30 MHz, which repre- 
sents the SFR pilot.  Boxes D, D', E and L (see Figure 33) of the 
ICS breadboard were used in the test setup shown in Figure 54. The 
perforr-anct results are shown in the photographs of Figure 55. 

Each photograph in Figure 55 shows four traces, labelled 
0, 1, 2 or 3.  The label number represents the number of notch 
filter channels activated, with 0 referring to no cancellation 
t all.  In Figure 55a, where there is little delay between the 

ICS Inputs, the cancellation with one channel is good to begin 
with, so that the addition of the second and third channels causes 
only slight Improvement.  As the delay is increased in Figures 
55b and 55c, the improvement offered by the second and third 
channels is far more significant.  In fact, in Figure 55c, the 
single-channel ICS provides no cancellation at the band edges, 
but the three-channel ICS provides at least 40 dB of cancellation 
across the bana 

The notch filters used in the IF ICS are of the L-C type, 
using ferrlte toroid cores to obtain a high-Q Inductor.  Even 
so, the Q is not high enough to allow the last expression of 
Equation (68) to be satisfied when the signal bandwidth is 100 
kHz.   With a 60J kHz bandwidth, the notch filter operates as 
desired.  Further improvement in the notch filter design to 
provide a narrow notch bandwidth without sacrificing notch depth 
will allow operation with a 100 kHz bandwidth, but such improve- 
ment requires an approach other than a series or shunt tank 
circuit.  The analysis of Appendix A shows that in these two 
configurations the product of the notch depth times its band- 
width Is a constant determined by the center frequency and 
the unloaded Q of the inductor. 
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(A) 

VERTICAL SCALE: 
-10 DBM TOP LINE, 
10 DB/DIV 

HORIZONTAL SCALE: 
30 MHZ CENTER LINE, 
^00 KHZ/DIV 

CB) 

CO 

FIGURE 55 

SPECTRUM ANALYZER PHOTO- 
RAPHS OF NOTCH FILTER 

lICS PERFORMANCE 
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The multichannel notch filter fCS war, also tested In oas- 
ith the RF ICS, as respired In the  SPR design. In order 
a 600 kHz wide pilot, the 100 khz wide crystal filters 

ypassed.  The test setup used is illustrated in Figure 56 
he SFR loop opened at port 5 and monitored there.  Figure 
es a sequence of spectrum analyzer photographs taken at 
TCS output showing the progressive reduction (improvement) 

collation residue with the use of the RF ICS, the first 
1 of the IF ICS, the second channel of the IF ICS, and the 
channel of the IF ICS. 

It was noted thac both the weight and correlator notrn 
filter chains exhibited a spectral component at the LO frequency 
(261.8 MHz) which gets progressively stronger proceeding along 
the chain.  This is due to a small amount of LO leaking through 
the downconverter, into the inputs of the notch filter chain and 
being amplified by the broadoand amplifiers but not being notched 
by the filters.  The result is that this LO component interferes 
with the operation of the IF ICS control loops by a progressively 
increasing amount.  This effect is negligible in the first loop, 
noticeable in the second loop, and strong in the third loop. 
Lowpass filters were incorporated at the inputs to both notch 
filter chains in order to obtain the photos in Figure 57, but 
they did not eliminate the problem.  Because of this problem, the 
multichannel notch filter IF ICS did not provide as much can- 
cellation when cascaded with the RF ICS as It did when tested 
alone. 

3. FORWARD GAIN MEASUREMENTS 

a. Test Setup 

Forward gain measurements were made on the SFR bread- 
board using the equipment arrangement shown In Figure 56.  The 
IF crystal filters limited the pilot and signal bandwidths to 
100 kHz.  Because the multichannel IF notch filter ICS with a 
100 kHz signal bandwidth does not enhance the single-channel 
performance, only a single channel was used. 

The coupler and pads within the dashed region are used 
to permit the application of a simulated received signal to the 
repeater input.  The repeater output is then examined directly 
at CD» after attenuation to a safe power level for the spectrum 
analyzer. 

Figure 56 
The repeater signal path is shown by the heavy line on 

56.  The incoming wave, incident on the antenna coupler, 
enters port 2 and is coupled to port 1' with 6 dB coupling loss. 
It passes through variable attenuator #2 and enters the RF ICS 
weight assembly A , where an additional 3 dB loss occurs.  The 
signal is amplified and down-converted to a 30 MHz Intermediate 
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//I 
The AQC action 

rrequenc.y Ln B, win, lg dB overal] p/ili 
through the IF ICS weight, oombinei 
['*" amplifier, where variable attenuator 
forward gain of the repeater 
was disabled for this test. 
established by the 100 kHz 3 dB bandwidth 
output of the IF amplifier. The signal 1 
the original carrier frequency, amplified by the MFD IMA  055 2 

1. The TF signal pass©B 
error processor and the 

used to adjust the 
of the ii'1 amp] 1 rier 

fne repeater frequency response la 
1 crystal filter at the 

then up-converted to 

line of th 

Kaina  of  th'>  'u^?' , r^'ward  Power gain  is  calculated  from  the gams  01    the   Individual   blocks  to  be 

Gp   =   -6-L2_3+ii3 + r5_L1 + e^-2 + 3 + ^0 116   -   (L1+L2)   dB (141) 

where Li and L2  are the attenuator Insertion losses In dB  In 

Gp = HI (dB) (1^2) 

The repeater forward gain is determined exoeriniPnt-an ,r 
by application of a CW signal at port CH and mea'Jeme'nt o?  ' 
the resultant output power at (2J .  The loss on the input sLnal 
from Qj to the SFR antenna oort is It  HR  T^  I   input oignal 
signal fro. the SPR antenna ^et toS '(his  23 dB  "hus ^ItTaT 

l^ZllT galn rrnn, ® to Q)' *t°Ko*'*™t*l'smtoll 
GF = tjj + 36 (143) 

where both Gj  and Gp are In dB. 

b. Forward Gain Measurements 

^—«*o  r  Purpose of this test is to determine the maximum 
possible forward gain that can be used without repeater insta- 
bility due to closed loop feedback via the antenna network.  In 
this case, the output-to-input coupling is primarily due to the 
I mite antenna coupler Isolation between ports 1 and 1'   (The 
Insertion loss between these ports was measured as 22 dB.) 

It was found that, with no desired receivedsignal present 
and both RP and IF cancellers disabled, oscillation developed when 
hi   -  91  dB.  With the received signal absent and the RF and IF 
cancellers operating, 1^ could be decreased to 44 dB before the 
repeater oscillation started, so that the RF and IF cancellers 
provide at least 53 dB of isolation across the 100 kHz band. 
From Equation (142) the achievable forward gain is 

Gw ■ 6? dB (144) 
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port 
A -18 

CD (-31 
dBm CW signal at 261.77 MHz was then connected at 
dRm at the SFR antenna input).  It was found that 

L] could be decreased to 58 dB before 
which the signal output 
(+2 5 dBm at the 
the repeater is 

power mea: 
for 

antenna coupler output), 
found from (1^3) to be 

oscillation started, 
ured at point (?] = : I3r, 

The forward gain of 

Gp ■ 5^ dB 

?he9Rp\ndPTFV™nti?Ver the maXimUrn Pcsslble forward gain when tne Hb  and IF cancellers are not used. 

Spectrum analyzer photographs 
a CW pilot and a low power output CW d 
SFR on the verge of oscillation. Tbc u 
trum at the SFR output (port 2), and F 
spectrum at port 3. The pilot at s^re 
reduced by the RF and IF ICS's relativ 
The left edge of the 100 kHz wide pass 
a highly peaked response, indicating t 
nent. The onset of oscillation occurs 
where the degradation of ICS cancellat 
center pilot is most severe. 

are shewn in Figure 58 of 
esired signal Kith the 
pper photo shows the spec- 
igure 58B shows the IF' 
en center has been greatly 
c to the desired signal. 
band in both photos shows 
hat oscillation is inr.i- 
at a band-edge frequency 
ion from that of the band- 

reduced fro«  ift *2 determlned that as the signal input was 
'VS HÜ   ^\the  achlevable forward gain Increased fror 
CO 0? dB  with the output power at point C2^ remainW at 
^Investigation of this effect revealed that v^en  the ou —• 

?0i" _i^ cached 0 dBm, Its corresponding  .5 dBm level 

5^ dB 
0 dBm 
power 

at UÜ was found to be coupled into the pilot path to thp ICS 
correlators. A level of -15 dBm at point (T) was found to or- 
duce a level of -60 dBm at the correlator inputs. Thlfle?el 
was sufficient to overcome the pilot control of the ICS's and 
anything higher causes them to abruptly cease cancelling WitJ 
increased isolation to prevent this effect, it is expectid that 
a forward gain of 67 dB would have been measured /or any outDüt 
level up to the design goal of +30 dBm. J  0Ut|,Ut 

Another stray coupling problem was found which is a 
potential limitation to forward gain.  It is caused by stray 
coupling of the pilot signal through the LO distribution network 
into the receiver IF.  It appears at the output of Box B 30 dB 
lower than its level at the pilot input of Box H (see Figure 
i I' ^?r^ng has been added in Box M t0 Provide isolation, 
but an additional 30 dB of isolation is required to achieve 
full forward gain.  The coupling of the pilot into the receiver 
IF would cause the IF ICS to lose cancellation on the trans- 
mitter signal in its attempt to cancel the pilot, since the 
transmitter and pilot signals then would not follow identical 
paths from the SFR's transmitter to the IF ICS input 
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CW 
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DESIRED 
SIGNAL 

IF ICS 
OUTPUT 

FIGURE 58 
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t. REPEATER LINEARITY 

also used^ de^n^L^^e' r^^f^^rTr^^8 

performance  was  TounT.Tfor  tleTiZleln^  T*   ^"^ galn 

output   tones  were  retransmit^ WI^JK       
PUt   ^ase'   and   the  ^o 

band  third  order  intermSdui.M In    H^  
Stme  6 dB ratl0'     In- 

were   in  excess  ofirdT^r^L^wefL^l^e!^  tW0  t0neS 

5.   SUMMARY OP  EXPERIMENTAL  RESULTS 

operatlng^inclJlerSn'whlch^h^^p^r  ^  d—trated  the 
They als? K uSoove?2d Some  problems'ln fL^  ^^^^ 
mentation which need  to  be  coated  for  the  SPR^f0^  .lmple- 
deslgned.     These  problem areas «^T    K?L  ?LP? to  0Perate  u. 
the  IF notch filter  ICSwMPhnS b^dwidth limitations  In 
with  the  100 kHz  r^p'aLr band^dth"'  .itS  effectlve  Performance 
transmitted  slgL^lnto  thP  n?^? H     i^t*  C0UPllng of  the  IF 
degrades  the  pUot-d^rected  Itltlllittn^1^ netWOrk Whlch 

ICS's;   and  stray coupling  of  fhenltnt? ^ ^th the RP and  IF 

a path not   shared   by  the trLL?^H     ,   nt?  the ^^iver through 
LO distribution network! tranSmltted  slßnal.   namely through the 

ating princhlpleseareevaliSaV%Sh0Wn^   howeve^   that  the  SFR oper- 
be af large as 67^t   ?^«4^0rWJflSftin has  been measured  to 
forward gfin in excess S? ?^ dffn«10^1?118  t0 the headboard, on«!  in excess of 100  dB appears  to  be achievable. 
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SECTION VIII 

RECOMMENDATIONS FOR FURTHER WORK 

ar^as in wSL^fu^f! T ^ SP5 breadboard have uncovered araaa in which further work is needed.  They ar^-  Isolation m 
prevent coupling of the transmitted signal Into th# bllot 5?. 
trlbution network, isolation to preven! coupfing S t'he piLt 
signal into the receiver IF via the LO dlet?lbution network 
and narroMng the notch filter bandwidth in the IF I?S without 
^LlflCiH? n0tCh depth-  R^«ended approachLL solving 
these probl-s are outlined in the subsections below. 

Following these circuit modifications, further labo*»*«™ 
tSlt^ntV? ^ t0 es,tablish ^e new performance^vel's?^?^ 
the SFR Cit> .   ^comrnded that field tests be conducted on the SPR with a real antenna in a real terrain environment. 

1. ISOLATION IN THE PILOT DISTRIBUTION NETWORK 

T^    obV**  Pll?t dlstribution network, contained in Box M' (see 
Figure 34), consists of a three-way splitter and a directional 
coupler which combines the pilot with the IF transmitted s?gnal. 
It is the coupling of the IF transmitted signal into the ICS 
correlators through the Isolated directions of  the directional 
AddKlon.Tith? 1****-™*  sPlltter tbat causes the problem 
Additional isolation may be obtained by insertins an Isolation 
amplifier between the three-way splitter anft^dSectlinal 
l^lltl^  afby fi^^ng this isolation amplifier, three-way 
splitter, and pilot crystal filter from the IF transmitter sLnal 
Filtering would not be an effective means of Isolation because' 
the spectra of the transmitter signal and the pilot overlap 

2. ISOLATION IN THE LO DISTRIBUTION NETWORK 

work w^-h1^^3 al^eady beeri done in the LO distribution net- 
theVnnt rill 7,   ^  Relation amplifiers (Figure 51) to prevent 
the pilot from finding its way through the network and across 
mixers into the receiver IF.  The principle coupling paths are 
SS! TO ^ ^a^0n around the isolation amplifiers and filters, 
ihe LO distribution network should be laid out anew to incor- 
porate RI'I snielding that will allow the isolation amplifiers 
and filters to be fully effective. In addition, higher-isolation 
mixers should be substituted in the breadboard ^or the ones pre- 
sently In use. H 

3. NOTCH FILTER IMPROVEMENT 

^  __ T 
The design of the notch filters presently In use in 

the IF ICS represents a compromise between narrow bandwidth and 
notch depth.  As shown in Appendix A, for the commonly used L-C 
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series ^sonant, or shunt resonant notches, this tradeoff Is non- 
strained by the unloaded Q of the notch component;-,.   The hltttaU 
Q components available were used In these clroults.  The lmp?ov^- 
ment needed Is a reduction In notch bandwidth by a factor of six 
without degrading the notch depth. In either of these two con" 
tiguratlons, unloaded Q's of 1000 would be required. 

Crystal notches have been considered, but their bandwidth 
Is too narrow.  In addition, a single-pole crystal notch usually 
the srect^um reSponses r:ear the notch center which would distort 

There are means of using the L-C components In circuit 
configurations that remove the dependence of notch depth on 
component Q.  One such approach is a Q-multiplier circuit which 
in effect presents a negative resistance to cancel out most of 
the component loss resistance.  Once the negative resistance is 
set, the notch depth then becomes dependent only on th« varia- 
tions in component Q (with environment, age, etc.).  However 
if the variations cause the component Q to become too large/the 
circuit will oscillate. B ' 

Another approach that trades the dependence on component 
Q to dependence on Q variations is illustrated in Fie-ure 5q  The 
notch is implemented by forming the difference between the input 
signa. .slightly attenuated) and a narrow bandpass version of the 
input signal.  The attenuator is adjusted to equal the cen+-e- 
frequency attenuation of the resonator, so that the cent-r fre- 
quency transmission of the circuit is zero, equivalent to an 
Infinite notch depth.  Variations in the component Q in the band- 
pass resonator will then degrade the notch depth, but the clrcui- 
will not become unstable.  This approach is the one recommended 
for improvement of the SPR breadboard. 

The differential amplifiers used in the notr<h filter 
Cvao^S oh?^ld  be tuned at 30 MHz so that low level LO component 
at iCi.e MHz and other spurious signals are rejected instead of 
amplllied.  This bandwidth is not critical, as long a- 1^- 
much greater than the notch bandwidth. 
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SECTION IX 

SUMMARY AND CONCLUSION' 

..41*   . The^concePt Of  a pilot-directed multichannel notch 
filter interference cancellation system (ICS) has been d^v-loc^'; 

to provide transmitter-to-receiver isolation in a same-frequencv 
repeater (SFR).  Laboratory experiments have been described whleh 
verify the operating concept. 

A detailed analysis of t,  performance of a one-Channt] 
and a two-channel notch filter ICS has been performed  Limita- 
tions on the achievable transmitter-to-receiver iaolaMor ^ave 
been quantified for the effects of signal returns fron rhV 
antenna, returns from specular reflectors, and returns from 
distributed ground clutter.   Extrapolation of th^se results to 
a three-channel notch filter ICS indicates that with a 100 kHz 
bandwidth at a center frequency of 300 MHz, close to 120 dB of 
isolation is theoretically achievable.  The returns from distri- 
buted ground clutter appear to be an Irreducible limitation for 
a ground-based SFR. 

* 5fli , A breadboara has been designed with a 100 kHz bandwidth 
at 291 Mr,;:, .'or which forward gain up to 120 dB can be tested. 
It incorporates a pilot-directed single-channel ICS 
at RF ? nd a pilot-directed three-channel notch filter ICS at TTT 
The mT/ilmum signal level is -90 dBm, with a dynamic range of 6o' 

7 \ J'h!Ls:!-gnal~to~no:Lse ratl0 in the SPR for the minlmtan sign«] 
is +17 dB in a 100 kHz bandwidth.  Tho SPR output power is 1 watt 

Methods for Implementing a highly linear cor.clex weight 
circuit for use in the ICS have been Investigated.   A  complex 
weight circuit has been developed which will keep in-band dis- 
tortion products generated in the weight at least 20 dB below 
the minimum level signal to be relayed. 

Experiments with the SFR breadboard have demonstrated 
the following principles of operation on which the design conaen*' 
is based: "    "' 

1) Pilot direction of an ICS is valid. 
2) An IF ICS can further Improve the cancellation of an RF ICS 
33 A multichannel notch filter ICS can be used to improve broad- 

band cancellation performance. 
•'O The ICS is applicable to an SFR to get forward gain. 
5) The SFR is linear and can be used as a multichannel'rela^ . 

The SFR experiments also have demonstrated the performance limi- 
tations in the present breadboard, pointing out areas wher^ 
improvements are required and critical design points for future 
SFR designs. .      ^^- - 
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The experimental results Indicate that special care must 
be taken to prevent strong signals In the SFR transmitter circuits 
from leaking Into the SFR receiver's circuits.  Specifically, 
the pilot reference to the ICS correlators must be clear 
of transmitted signal components or ICS performance will suffer. 
In addition, the pilot added in the transmitter must be prevented 
from coupling into the receiver by any path not shared by the 
transmitted signal, or operation of the ICS's by pilot direction 
will not optimize transmitted signal cancellation. 

The multichannel notch filter ICS has been shown to be 
a powerful tool for obtaining broadband cancellation performance, 
but the design of the notch filters is closely dictated by the 
bandwidth of the signal (or pilot) to be cancelled.  The design 
used in the breadboard worked well with a 600 kHz bandwidth, but 
provided no improvement for the 100 kHz bandwidth in the SPR 
breadboard . 

Without stray coupling problems, the SFR breadboard was 
shown to attain forward gains up to 67 dB.  Had the notch filter 
ICS worked with 100 kHz bandwidth as It did with 600 kHz band- 
width, a minimum of 35 dB more Isolation would have been achieved, 
allowing a forward gain in excess of 102 dB. 

The modifications to the breadboard in the areas of notch 
filter design and elimination of stray coupling paths that are 
needed to attain this level of forward gain have been outlined. 
Further performance refinements may then be possible to push the 
forward gain capability to 120 dB.  The SFR breadboard should 
then be field tested, where natural reflecting terrain will pro- 
vide a far more realistic performance test than can be accom- 
plished in the laboratory. 
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APPENDIX A 

L-C NOTCH FILTER ANALYSIS 

1 . INTRODUCTION 

»Ult shunting the lo^TrtMoln    n'p gu^e^O * Jhe^analv-^' 

2. RESONANT CIRCUIT IN SERIES WITH LOAD 

loade. 0 ^r^SjT^ui? m.nU  " raay ^ ^^ ^^ the 

Q  = R>|(yRL? _  R(RS+RL) 
*L woIj     ' w0L(R+Rs+RL) CX^6) 

while the unloaded Q Is given by 

VR/"oL ' (xll7, 
Thus,   v.'e  have 

Q
L
/Q

U 
= (RS

+R
L)/(R

+
RS

+
RL) (i^;; 

««4.«v The voltage attenuation  factor  in  the center öf  feh« 
glv^n^r e    t0 the OUt-of-band attenuation ?acLr:   is 

RL/(R+RS+RL)       RS+RL 

V^S^L
3
    

= R+RS
+RL 

flu;'' 
Thus,   for   (li|8)   and   (1^3   we  have 

a  =  V% C150) 

3. RESONANT CIRCUIT SHUNTING THE LOAD 

loaded Q l^l^t%l% l^e6n0B.;  " ^ ^ ^ that the 

L   ?+Rs| [RL '■ r(Rs+RL)+RsR^ (151) 

a = 
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while Its unloaded Q !:;; given by 

Qy   =   (JJQLA" (lyt) 

Thus,   we  have 
r(Rs+RL) 

QL/QU  = ?TR^+R~y+R^RL 
f! r? 

The voltage attenuation factor in the center of the 
notch, normalized to the out-of-band attenuation factor, is 
r- -^ f c »-  r • • 

(RL||r)/(Rs+RL||r) 
a   = RT/(RQ+RT1 V v'lS,llL 

Thus, for (153) and (15M we have 

a = QjVQu 

k .   CONCLUSIONS 

r(Rs+RL) 

rrR^+RjT+R^R^ (15ü) 

(155) 

Both the series and shunt resonant notch filter confi- 
gurations have the same trade-off between notch bandwidth and 
notch depth.  If BN is the 3 dB bandwidth of the notch and fQ 
is its center frequency, we can write 

QL = f0/BN (156; 

trade-of  in Equations (150) and (155) may then be written a; 

(157) aBN - fQ/^ 

This re3ult shows that the product aBu Is a constant which is 
independent of the source and load resistance. 
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a 

B 

ACRONYMS  AND PRINCIPAL SYMBOLS 

- magnitude of the signal returned from a particular 
reflector relative to the transmitted signal sSen.th 

= reoeater bandwidth 

Bant    " two-sided 3 dB bandwidth of the SFR antenna 

BN      ■ two-sided 3 dB notch filter bandwidth 

BPF 

C 

= bandpass filter 

i      ■ coefficient of the 1-th term In the power series 
expansion of Hrit) MUWCI beries 

- free space propagation velocity = 3xl08 meters/second 

D.U.T.   = device under test 

FD      = I
AC/DC 

= PIN dlode distortion factor 

FRCVR   = numsrical value of the receiver noise figure 

^      = numerical value of the noise figure of the first Kain 

IncludeS.  e reCeiVer Wlth the ^ceding losses  g " 
. 

^      = numerical value of the noise figure of the fir-t gain 

TosTes       the reCeiVer Wlth0Ut ^l^ing the preceding 

F2      = ^T/lt*1  V?1UL0f the n0ise F1^re  of ^e second gain stage in the receiver 

3      " ^TZ  ^\lalUe  0f the n0lse flgure of ^e third gain stage in the receiver. 6 

f0      = RF carrier frequency 

G ■ numerical value of the SFR antenna gain in the direc. 
tion of a particular reflector 

01      = theniCSnStant 0f the l~th  feedback control loop in 

h- "  rthe^ec^lier ^ ^ galn 0f the flrSt ealn St^ 
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aLOSSAR? fcontinued] 

K3     " mim.M'ic.'ti value of the gain of the Becond gain stage 
! n I,he t'OOO 1 vet' 

Hc(a)),Hc(r) = equivalent lowpass transfer function of transmitter- 
to-receiver coupling channel 

H
NU),HN(f) = equivalent lowpass transmltter-to-recelver trant'e*' 

function presented by the N-channel ICS 

H0N(f)  = Hc(f)+HN(f) = equivalent lowpass composite trans^itte-- 
to-rece!fver transfer function resulting from the'com-' 
blned effects of the coupling channel and the N-channej 

IN 

he 
1DC 

ICS 

Kl 

L 

LRF 

MX-200 

N 

- coefficient of the 1-th term of the power series expan- 
sion of H0N(f) 

= RF ci -rent in PIN diode 

= DC bias current in PIN diode 

= interference cancellation system 

- constant relating PIN diode resistance R to its bias 
current, aDC 

= inductance in the resonant circuit antenna model 

= numerical value of RF losses preceding first gain 
stage In SFR receiver 

= model number of General Atronics two-channel VHF ICS 

= number of channels in an ICS 

'MuO.N^f) = filter transfer function In the j-th ICS channel 

N, 

D 

R/T) N 

S . min 

= -l?1* dBm/Hz = thermal noise spectral density 

= output power of SFR transmitter 

• transmitter output resistance 

= RF resistance of PIN diode 

= transmitter-to-receiver isolation provided by an 
N-channel ICS 

= one-way propagation distance to a particular reflector 

= minimum received signal power for SFR activation 
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■I ■■ 

1 

(iLOSSAHY [continued] 

SR(w)   = Fourier transform of the ICS output waveform to the 
SPR receiver 

ST(üJ)   ■ Fourier transform of the SFR transmitter output 

SFR     = same-frequency repeater 

SNRmln  = slgnal-to^nolse ratio In SFR receiver for minimum 
level received signal 

Wj = value of complex weight In the 1-th ICS channel 

XC = capacitlve reactance of antenna input Impedance 

XL = Inductive reactance of antenna Input Impedance 

XTAL BPF = crystal bandpass filter 

Zin = antenna Input Impedance 

a - numerical value of the center frequency depth of 
a notch filter 

Y - B/BN 

A = (tan"1Y)/Y 

A = carrier wavelength 

p(u)) = antenna reflection coefficient 

a = radar cross-section of a particular reflector 

o0 = area reflectivity of ground clutter 

T = propagation delay to a particular reflector 

Tmin = Propagati')n delay corresponding to the nearest reflector 

♦ ■ phase shift of the signal returned from a particular 
reflector 

f = azimuthal angle about the SFR antenna 

^O = 2Trfo = carrler frequency in radians/second 
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